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ABSTRACT 
 
The purpose of this study was to determine the effect on side shear resistance in limestone 
when temporary casing is used. Due to testing in actual limestone being an unrealistic goal, 
simulated limestone mixes were prepared and cast into 6 – 42 in. diameter beds. Limestone 
throughout Florida can be quite varied (e.g. 50-5000 psi) but where stronger limestone is not likely 
to be penetrated by casing installation. Therefore, target unconfined compressive strengths of the 
study specimens ranged between 60 psi to 850 psi. 
 A simulated limestone material was developed based on over 200 cylinders cast for 
unconfined compression testing where the binder (cement or lime), water to binder ratio, aggregate 
types (sand, coquina, and oyster shells), and binder content were all varied. Results of the 
laboratory tests were used to establish simulated limestone mixes for 42 in. diameter specimen 
beds in which 1/10th scale drilled shaft rock sockets were cast. 
 Drilled shaft casing installation techniques were adapted to 1/10th scale where driven casing 
and oscillated/rotated casing methods were simulated. Within each of the simulated limestone test 
beds, 5 shaft specimens were cast with and without temporary casing where at least one of the 
specimens was cast without temporary casing (control specimen). Pullout tests of each specimen 
revealed that the presence of temporary casing reduced the side shear by 25 to 28 percent 
depending on the casing installation/extraction method. However, in all cases representative of 
weaker limestone, the measured reduction did not affect the anticipated design side shear 
resistance. 
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CHAPTER 1: INTRODUCTION 
 
1.1 Background 
 Drilled shafts are cast-in-place reinforced concrete deep foundations. The holes are 
excavated using a rotary drilling auger to bore a cylindrical hole. The hole may be supported 
through the use of drilling slurry or casing installation, either temporary or permanent. Casing 
installation can be advanced through driven, vibratory, rotary, and oscillating methods. Lengths 
can reach upwards of 300 ft., with diameters ranging from 3 to 12 ft. With these large diameters 
shafts, axial forces are resisted through the combination of side shear and end bearing resistance. 
Additionally, these large diameters support lateral and overturning forces. (FHWA, 2010). Figure 
1.1 shows the general layout of a typical drilled shaft.  
 
Figure 1.1: General details and elements of a drilled shaft. 
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1.2 Problem Statement 
During excavation and construction of the drilled shaft the hole needs to be stabilized, 
either through the use of drilling slurry or casing installation (temporary or permanent). The slurry, 
or casing, support the lateral forces exerted by the water in the surrounding soil. One such use of 
permanent casings is during over water bridge construction. This permanent casings will act as a 
type of formwork for the shaft during the concrete curing process and will provide protection 
against the water current and debris that may strike the shaft. The permanent casing may intrude 
into the soil or bedrock beneath the water, this length of intrusion will give a reduction in side 
shear resistance. 
A common method for stabilizing the bored hole is the use of temporary casing. They can 
be installed through a variety of different construction methods: driven, vibratory, oscillation, and 
rotary. Additionally, the necessity to seal the shaft from encroaching water requires the shaft to be 
installed into the underlying bedrock (limestone in Florida). This intrusion zone of the temporary 
casing into the bedrock is not addressed by current design manuals, such as FHWA 2010 and 
AASHTO 2012. Also, they do not address the construction effects during temporary casings 
installation. Therefore the primary objective of this thesis was to determine the effects of 
temporary casing construction methods on the side shear resistance. 
1.3 Thesis Organization 
 This thesis is composed of four additional chapters that describes the work undertaken, and 
the results, to determine the effects on the side shear resistance due to temporary casing installation 
into limestone. Chapter two examines a background into temporary casing. Chapter three provides 
small scale laboratory testing to determine simulated limestone mix, and fabricating 19.24 ft.3 beds 
to core and pouring concrete rock sockets. Chapter four discusses the extraction of the concrete 
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rock sockets and their results. Chapter five reviews the test results, summarizes conclusions, and 
provides recommendations. Lastly, the references and three appendices with all relevant data 
collected during testing. 
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CHAPTER 2: DRILLED SHAFT AND LIMESTONE BACKGROUND 
 
2.1 Drilled Shaft Background 
 Drilled shafts are large diameter concrete shafts that are cast in place below ground, with 
the intent to support large structures. They may have diameters ranging from 3 ft. to 30 ft. with 
lengths ranging up to and beyond 300 ft. These large diameters give larger surface areas, and 
therefore give significant side shear capacity. Additionally, these larger diameters and lengths give 
considerable increases to the lateral load supports. The construction of drilled shafts and rock 
sockets involves excavating a borehole, placing a steel cage and filling this hole with fresh concrete 
(O’Neill, 1981). 
 During excavation, the surrounding water pressure will seek to fill the now voided hole. 
Therefore, to ensure the borehole does not collapse during excavation and construction, 
stabilization is required. There are two forms of borehole stabilization during excavation, fluid 
pressure (slurry) and mechanical (slurry). Slurry, bentonite or polymer, is used as the fluid pressure 
to hold the surrounding water pressure from filling the borehole. Bentonite is a slurry product made 
up of clay and water, while polymer slurry is a man-made product. 
 Drilled shafts, with casings, are constructed with first installing the casing through a 
multitude of methods: vibratory, driven, oscillation, rotary. With the casing in place, excavate the 
borehole through the use of a large auger and lower the steel cage into the borehole Use a tremie 
to pour fresh concrete to the bottom of the borehole lifting the tremie as it pours. As the concrete 
reaches the surface of the water table, the casing is extracted along as the tremie rises. Alternatively 
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the design may call for the casing to remain (permanent casing). As the casing is extracted the 
fresh concrete flows outward, forming a more intimate bond to the surrounding soil and underlying 
rock in the rock socket (Bowles, 1996). 
2.1.1 Casing Installation Methods 
 As mentioned before there are a variety of methods to installation, and extraction, of 
temporary casing: among those are vibratory, driven, oscillation, and rotary. The extraction 
methods used will have an effect on the surface of the concrete, therefore having an effect on the 
side shear bond between the concrete and surrounding soil. Vibratory extracted casing will leave 
a more polished and smooth surface to the concrete as the concrete flows outward to fill the void 
of the now extracted casing. Also rotated or twisting of the casing during the extraction will leave 
rough lines circling up the shaft, similar to that seen on the threads on a bolt (FHWA, 2010). 
 Although, for rock socket shafts the casing can cause unpredictable effects. The process of 
installing a casing into the bedrock will pulverize and crumble the rock surrounding the casing. 
This pulverized zone gives unknown properties, as the concrete may flow beyond this pulverized 
material into the rock stratum, or it may not, and is therefore typically disregarded by the designer. 
 Embedding the casing into the underlying bedrock, it is desired that a seal be formed to 
limit, or stop, the intrusion of water into the borehole. However, should the length designed for 
not give an adequate seal the contractor may use some of the rock socket length. In the case that 
the contractor chooses to embed the casing further into the rock socket to form a more adequate 
seal, FDOT 2014 455-15.7 regulates the specifications (FDOT, 2014):  
455-15.7 Casings. Ensure casings are metal . . . 
 
 . . . . If temporary casing is advanced deeper than the minimum top of rock socket 
elevation shown in the Plans or actual top of rock elevation if deeper, withdraw 
the casing from the rock socket and overream the shaft. If the temporary casing 
cannot be withdrawn from the rock socket before final cleaning, extend the length 
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of rock socket below the authorized tip elevation one-half of the distance between 
the minimum top of rock socket elevation or actual elevation if deeper, and the 
temporary casing tip elevation. 
 
2.2 Mechanical Stabilization of Drilled Shafts with Temporary Casings 
 According to (O’Neill and Reese, 1999), the casings method is applicable to sites where 
the soil conditions are such that cave in’s, excessive soil, or rock deformation can occur when a 
borehole is excavated. One such condition is where the water table remains relatively high, over a 
clean sand, with an underlying impermeable limestone. In this case the clean sand is saturated with 
water. To ensure the integrity of the shaft, it would be necessary to embed the temporary casing 
into the underlying limestone to create to seal. As described in FHWA (2010), there are three 
general types of construction of drilled shafts using temporary casings: 
1. Excavate an oversized hole using the dry method, then install the casing into the hole. 
However, this is only suitable in situations where the soil is quite dry and/or have slow 
seepage. This would give adequate time to advance the hole deeper into the more stable 
bearing stratum. 
a. Dry construction steps as specified by FHWA, 2010 as shown below: 
i. Drive casing into the bearing stratum (or twist). 
ii. Drill through the casing. 
iii. Complete and clean the hole, installing the reinforcing cage. 
iv. Place concrete to a head greater than the external water pressure. 
v. Pull casings while adding concrete. 
2. Excavate an oversized hole using a drilling fluid to stabilize the bored hole during 
construction. Continue boring into the permeable strata beneath and advance the casing 
into the bearing stratum. Once the casing has been sealed into the stable stratum, the drilling 
fluid can be removed. With the casing installed and the drilling fluid removed, advance the 
casing to its final tip elevation. 
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a. Wet construction steps as specified by FHWA, 2010 are shown below: 
i. Drill with slurry, using a starter casing at the surface. 
ii. Install casing and bail slurry out of borehole. 
iii. Complete and clean excavation, set the reinforcing cage. 
iv. Place concrete to head greater than the water pressure. 
v. Pull casing while adding concrete, while the remaining slurry is expelled by 
the more dense concrete. 
 
3. The final method of installation is to advance the casing through the permeable strata and 
into the bearing formation beneath. With the shaft installation complete, excavate the shaft 
without the use of drilling slurry. Methods to install the casing include: driven using impact 
or vibratory hammers, twisting using an oscillator or rotator. However, this may require 
larger force to pull the casing upward during the concrete placement and extraction. 
2.3 Rock Sockets 
 The rock socket encompasses the portion of the drilled shaft that is drilled from the rock. 
With the rock being a more competent material than the overlaying soils, the bond between the 
concrete and the rock stratum is more significant than that seen with the overlaying soils. Due to 
this concrete/rock interface the capacity from the soil zone is near negligible in the design. 
Furthermore, the rock socket capacity can develop with much smaller movements than that 
necessary in soils. This allows for smaller dimensioned rock sockets when designing for a rock 
socket. 
2.4 Construction of Rock Sockets in Temporary Casings 
 Construction of rock sockets does not vary far from the typical construction for drilled 
shafts, with the exception of the drilling into the rock. This increase in hardness that is found in 
the rock requires more specialized tools. An oscillator, a hydraulic-powered machine which 
oscillates back and forth, while pushing downward into the soil or bedrock. The casings are 
segmental pieces that can have new casings attached to further the length. 
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 While excavating the rock, flight augers or rock augers may be used depending on the type 
of rock. Flight augers are designed for rocks that are relatively soft: hard shale, sandstone, soft 
limestone. The augers are made of tungsten carbide, with conical teeth and typically come in 
double-helix design. The geometry and orientation of the teeth at the end of the auger are designed 
to promote chipping of rock fragments. Should the rock be too hard, single and double walled core 
barrels may be used to assist cutting into the rock for excavation. 
2.5 Introduction of Limestones 
 Florida’s main two types of underlying bedrock is dolomites and limestone. Dolomites are 
a sedimentary rock composed of more than 50% magnesium calcium carbonate (CaMg(CO3)2). 
However, as limestone is what is typically found in Florida, it is the main focus of this study. 
Limestones are classified as sedimentary rocks that are composed of more than 50% calcium 
carbonate (CaCO3). Three components constitutes the majority of limestones: carbonate grains, 
lime mud / micrite and cement (calcite spar, fibrous calcite). Bioclasts, ooids, peloids, and 
intraclasts are the principal grains in limestones. While many limestones consist of sand-sized 
carbonate grains, some limestones are more similar to mudrocks. Mudrocks are fine-grained and 
are typically composed of lithified lime mud. The following presents the definitions of the main 
constituents of limestones (Tucker, 2003): 
 Ooids are spherical to subspherical shaped grains. Commonly come in diameters ranging 
from 0.2 to 0.5 mm. They consist of concentric coatings around a nucleus which are usually 
a carbonate particle or quartz grain.  
 Peloids are subspherical to elongated grains of micrite. They generally are less than 1 mm 
in length. 
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 Intraclasts are fragments of reworked carbonate sediments. It can range up to several 
centimeters long. They are derived of tidal-flat carbonate muds or penecontemporaneous 
erosion. These aggregates consist of several carbonate grains that are cemented together 
during sedimentation. 
 Micrite is the main constituent of fine-grained limestones. It consist of carbonate particles 
that are usually less than 4 µm in diameter. 
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CHAPTER 3: LABORATORY TESTING ON SIDE SHEAR RESISTANCE 
 
3.1 Introduction 
The purpose of this study was to determine the effects on the side shear resistance in the 
rock socket from the temporary casing installation in limestone. Within this chapter the testing 
procedure to quantify this effect at a 1/10th scale was conducted on a range of limestone with 
unconfined compressive strengths of 60 psi to 850 psi. This 1/10th scale testing was performed 
with three separate temporary casing installation methods (Driven, Fine-Tooth, Coarse-Tooth) that 
are common in the construction field. Additionally, inspection holes were cored using the same 
equipment and used as control specimens for comparison.  
These casings were installed into six, 19.24 ft.3 simulated limestone beds which had five 
concrete shafts (5 in. diameter, 18 in. length) cast. However, extracting limestone rock from the 
ground and transporting the material to the laboratory for testing was an unrealistic goal. It was 
therefore determined that creating a small scale reproducible simulated limestone mix was the best 
method. From these small scale simulated limestone mixes, weight ratios were chosen for the six 
beds. 
3.2 Simulated Limestone Mixes 
The purpose of this study was to determine the effects on the side shear resistance in the 
rock socket from the temporary casing installation in limestone. To quantify this effect a range of 
unconfined compressive strength of 60 psi to 850 psi was desired for large scale testing. 
Furthermore, extracting limestone rock from the ground and transporting the material to the 
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laboratory for testing was an unrealistic goal. Therefore, it was determined that creating a small 
scale reproducible simulated limestone mix was the best method. 
This simulated limestone mix contained different ratios of the following materials: sand, 
coquina shells (substituted by oyster shells), calcium hydroxide (slaked lime), cement, and water. 
There were 4 distinct phases of the mixing ratios, depending on the findings. Tables 3.1 through 
3.4 show the mix weights and ratios for phases 1 through 4. 
 
Table 3.1: Simulated limestone mix weights and ratios for phase 1. 
Design 
Mix # 
Mix 
# 
Cement 
weight per 
cubic yard 
(lb.) 
Ca(OH)2 
weight per 
cubic yard 
(lb.) 
Aggregates 
weight per 
cubic yard 
(lb.) 
Water/ 
cement 
ratio 
Cement/ 
aggregates 
ratio 
Sand/ 
coquina 
shell ratio 
1 1 0 1009 2019 - 0.00 - 
2 2 517 517 2068 1.50 0.25 2.00 
3 3 221 886 2215 5.60 0.10 2.00 
4 4 415 969 1107 3.33 0.37 0.67 
5 5 636 1271 636 2.10 1.00 0.43 
 
Table 3.2: Simulated limestone mix weights and ratios for phase 2. 
Design 
Mix # 
Mix 
# 
Cement 
weight per 
cubic yard 
(lb.) 
Ca(OH)2 
weight per 
cubic yard 
(lb.) 
Aggregates 
weight per 
cubic yard 
(lb.) 
Water/ 
cement 
ratio 
Cement/ 
aggregates 
ratio 
Sand/ 
coquina 
shell 
ratio 
12 6 168 1517 843 8.83 0.20 0.49 
13 7 138 1246 1384 8.00 0.10 0.49 
14 8 102 918 2040 7.99 0.05 0.49 
15 9 168 1517 843 8.67 0.20 2.03 
16 10 138 1246 1384 8.41 0.10 2.03 
17 11 102 918 2040 8.84 0.050 2.03 
25 12 277 1108 1384 4.00 0.20 0.49 
26 13 204 816 2040 4.00 0.10 0.49 
29 14 204 816 2068 4.00 0.10 1.95 
32 15 306 714 2040 2.67 0.15 0.49 
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Table 3.3: Simulated limestone mix weights and ratios for phase 3. 
Design 
Mix # 
Mix 
# 
Cement 
weight per 
cubic yard 
(lb.) 
Ca(OH)2 
weight per 
cubic yard 
(lb.) 
Aggregates 
weight per 
cubic yard 
(lb.) 
Water/ 
cement 
ratio 
Cement/ 
aggregates 
ratio 
Sand/ 
coquina 
shell 
ratio 
1' 16 0 1980 0 -* - - 
2' 17 101 920 2042 8.08* 0.05 0.49 
3' 18 203 818 2042 4.04* 0.10 0.49 
4' 19 308 713 2042 2.66* 0.15 0.49 
1'' 20 0 1980 0 -** - - 
2'' 21 101 920 2042 8.08** 0.05 0.49 
3'' 22 203 814 2042 4.04** 0.10 0.49 
4'' 23 308 717 2042 2.64** 0.15 0.49 
* Commercial carbonated water at 74oF.  ** Commercial carbonated water at 37oF 
 
Table 3.4: Simulated limestone mix weights and ratios for phase 4. 
Design 
Mix # 
Mix 
# 
Cement 
weight per 
cubic yard 
(lb.) 
Ca(OH)2 
weight per 
cubic yard 
(lb.) 
Aggregates 
weight per 
cubic yard 
(lb.) 
Water/ 
cement 
ratio 
Cement/ 
aggregates 
ratio 
Sand/ 
coquina 
shell 
ratio 
TS-1 24 748 374 2244 1.20 0.33 1.0 
TS-2 25 801 401 2402 0.83 0.33 1.0 
TS-2' 26 801 401 2402 0.83 0.33 1.0 
TS-3 27 773 387 2320 1.01 0.33 1.0 
TS-4 28 592 296 2665 1.20 0.22 0.5 
TS-5 29 608 304 2736 1.01 0.22 0.5 
 
3.2.1 Mixing Procedure for Small Scale Testing 
Following the first phase of the simulated limestone mixes the mixing procedure required 
adjustments to stop the lime from sticking to the sidewall of the concrete mixer. All 4 phases of 
the simulated limestone mixes were done in a 1 ft.3 concrete mixer. For each of the 29 mixes, 9 to 
15 cylinders were cast in the standard 4 in. x 8 in. molds. Figure 3.1 shows the mixing procedure 
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for all of the small scale laboratory testing. The mixing procedure for all small scale testing can be 
found below: 
 Weigh each material out in individual five gallon buckets.  
 Wet the 1 ft.3 mixer. 
 Dump in all aggregates (sand and shells). 
 Mix for two minutes and stop mixing. 
 Dump in all binding agents (cement and lime). 
 Mix for two minutes. 
 Pour water in the mixer slowly over 30 seconds. 
 Let mix for two minutes. 
 Pour into a concrete waste bin and cast cylinders 
 
 
 
Figure 3.1: Overall sequence of simulated limestone mixes. From top left to bottom right: 
collecting and weighing materials, blending cement with calcium hydroxide, mixing, casting 
cylinders and closing the lids for initial cure. 
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3.2.2 Small Scale Laboratory Simulated Limestone Phase 1 
Phase 1 consisted of the first 5 mixes performed. The intent of this phase was to get a feel 
for how this material reacted together. These mixes were devoid of cement, this showed in the 
curing process, as the cylinders took longer to cure. Furthermore, with the absence of cement in 
these mixes the water required to have a workable mix substantially increased. This defeated the 
strength vs water/cement ratios, an undesirable trait while trying to determine a set mix for the 
19.24 ft.3 simulated limestone beds. Also, no tamping procedure was used in the mixes completed 
in phase 1, 2 and 3, as the natural voids found in Florida limestone were intended to be replicated, 
Figure 3.3. Figure 3.2 shows the unconfined compressive strengths of the mixes 1 through 5. Mix 
2 provided cylinders that took a significant amount of time to cure. After curing, the cylinders 
crumbled during the moving process and provided no testable cylinder specimens.  
 
 
Figure 3.2: UCS vs specimen age for phase 1 mixes. 
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Figure 3.3: Cylinders from mixes 1 through 5 (left to right). 
 
3.2.3 Small Scale Laboratory Simulated Limestone Phase 2 
 Phase 2 consisted of an additional 10 mixes, Mix #’s 6 through 15. Cement was added to 
the mixes in this phase, and those hereafter. The water/binder (calcium hydroxide + cement) ratio 
was set to 0.8. This ratio was based off the workability and strengths from phase 1. Furthermore, 
sand to shell ratio was split between 1/3 and 2/3s, with the binder to aggregate ratio ranging 
between ½ and two. From this, the sand/shell ratio showed no significant influence over the 
unconfined compressive strength. However, there showed a relationship between the cement 
content and the unconfined compressive strengths of the mixes, with Figure 3.4 showing the 
unconfined compressive strengths of phase 2. However, ratios for the mixes in phase 3 and 4 
continued to follow the same ratio variability. Once more mixes 9 and 10 provided cylinders that 
crumbled and broke during the process of transporting to the testing facility, and no cylinders were 
broken. Due to this, mixes 9 and 10 were abandoned during the testing for the 1 ft.3 mix and the 
19.24 ft3 simulated limestone beds. Figure 3.5 shows cylinders from mixes in phase 2, excluding 
mixes 9 and 10. 
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Figure 3.4: UCS vs specimen age for phase 2 mixes. 
 
 
 
Figure 3.5: Cylinders from mixes 6 through 15, excluding mixes 9 & 10 (top left to bottom 
right). 
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3.2.4 Small Scale Laboratory Simulated Limestone Phase 3 
Phase 3 consisted of eight more mixes that were to investigate the effects of carbonated 
water on the mix. The mixes in this phase were identical to mixes used in phase 2, with the 
exception to 16 & 20 having no aggregates: 17 & 21– 8, 18 & 22 – 13, 19 & 23 – 15. For mixes 
16 through 19 the carbonated water was kept at room temperature 74°F, with mixes 20 through 23 
kept at a temperature of 37°F until just before adding the water to the mixing procedure. Figure 
3.6 shows the UCS vs age of the cylinders broke for phase 3, with color coding to more easily 
navigate the graph. Figure 3.7 shows cylinders from this phase. There were no significant 
difference in the strengths of the mixes with the addition of carbonated water. With the absence of 
cement in batches 16 and 20, the cylinders were cast in 3 in. x 6 in. molds with the intent of an 
increased curing time. 
 
 
Figure 3.6: UCS vs specimen age for phase 3 mixes. 
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Figure 3.7: Cylinders from mixes 16 through 23 (from top left to bottom right). 
 
3.2.5 Small Scale Laboratory Simulated Limestone Phase 4 
The fourth and final phase contained six mixes that were based on “Tabby Stone Concrete” 
(TS) that was typical construction concrete during the 1800s. For this phase the cement to lime 
ratio was increased to 2.0, with the water to cement ratio decreased to a range of 0.83 to 1.20.  
Mixes 25 and 26 were the same, except during the casting process the use of a tamping rod was 
used on mix 26. Mix 26 had a significant increase in unconfined compressive strength compared 
to mix 25 due to consolidation, Figure 3.8. This phase contained mixes that held substantially 
larger unconfined compressive strengths than the desired 60 – 850 psi range, as shown in Figure 
3.8. Cylinder samples from each mix are shown in Figure 3.9. 
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Figure 3.8: UCS vs specimen age for phase 4 mixes. 
 
 
 
Figure 3.9: Cylinders from mixes 24 through 29 (from top left to bottom right). 
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3.2.6 Small Scale Laboratory Simulated Limestone Results 
Figures 3.10 through 3.14 express the relationship between the unconfined compression 
strength (UCS) with the cement, calcium hydroxide, and aggregates content, the water to cement 
ratio, and the density for the 29 different mixes. In these figures, the UCS values are presented in 
the logarithmic scale because it was found to make the visualization of all data points more evident 
and showed stronger trends. These results were used as a baseline for the water/cement ratio in 
selecting the mixes for the simulated limestone beds.  
 
 
Figure 3.10: UCS vs cement content. 
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Figure 3.11: UCS vs calcium hydroxide content. 
 
 
Figure 3.12: UCS vs aggregate (sand plus coquina shells) content. 
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Figure 3.13: UCS vs water to cement ratio. 
 
 
Figure 3.14: UCS vs density. 
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From these four phases, carbonated water showed no significant effect on the strength 
results and therefore was not considered for selecting the mixes for the simulated limestone beds. 
Aggregates composition did not have an appreciable effect on the results, and ratios were set to 
equal amounts, 50% each. The calcium hydroxide content also seemed important, not in terms of 
strength, but in balancing density with UCS and approximating the texture that might correspond 
to the situations where casings are installed and extracted in the limestone formations across the 
state of Florida. Additionally the water to cement ratio and cement content, per cubic yard, played 
a major role in the UCS of the simulated limestone. Therefore the binder ratio, cement to calcium 
hydroxide, ratio was set to equal parts, 50%. Lastly the water to cement ratio was shown to give 
the most desirable outcomes, with UCS and texture, at 1.6. 
3.3 Simulated Limestone Beds 
There were six simulated limestone beds with unconfined compressive strengths ranging 
from 60 psi to 850 psi. Each of the beds were cast to be 42 in. diameter and 23 in. tall.  First there 
was a thin sheet of plastic laid out on the concrete to disrupt the bonding of the fresh simulated 
limestone material to the concrete. Next the formwork was rolled to 42 inches diameter and 
clamped together using three c-clamps, and placed on top of the plastic.  For each of the beds, a 
steel confining cage was built using six vertical #3 rebars at 23 inches and 4 #3 circular rebars at 
38 in. diameters. This confining cage was placed in the center of the formwork before casting. 
3.3.1 Mix Design 
The initial design of simulated limestone beds were to eliminate some of the variability 
found in the small scale laboratory testing found in Section 3.1. The cement/lime and the 
sand/shells were set to 1:1 ratios, with the water/cement ratio set to 1.6. For simplicity during the 
mixing process, cement and lime weights were based off bag weights: cement at 94 lbs. and lime 
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at 50 lbs. For beds 1 through 4, the binding agents’ weights were decreased by one bag of cement 
(two bags of lime). Beds 5 and 6 were compressive strengths ranging between beds 1 through 4, 
and therefore had half bags of cement and lime. Due to workability concerns during the mixes, 
beds 4 and 6 used an increased water/cement ratio of 3.0.  
With the exception of the first bed, each bed’s mix design had an associated 1 ft.3 small 
scale laboratory mix. This laboratory mix was based off the same weight ratios of the 1 yd.3 mix 
design. These laboratory mixes were to get an idea of the compressive strengths of the mix and 
how the mix visibly looked while mixing and during the casting process. Strengths from these 
scaled down laboratory mixes were close representations for those seen from the beds. 
3.3.2 Mixing Procedure 
3.3.2.1 Initial Mixing Procedure 
Prior to mixing, sand and coquina/oyster shells were weighed out in five gallon buckets, 
50 lbs. and 40 lbs. respectfully. Cement and lime were left in their bags, 94 lbs. and 50 lbs., until 
the morning of the mix. Both cement and lime bags were cut into halves and poured into the mixer 
with an aggregate. Tap water was initially put into a tank and pumped into the mixer at a high flow 
rate; however, this proved unnecessary and the water was added to the mix using a flow meter 
straight from the tap. Figure 3.15 shows the prepared mixing materials for bed 1. 
The initial mixing procedure followed in bed 1 was to wet the mixer first and add the 
weighed out material in 1:1 bucket ratios. After adding all of the dry materials, the mixer was left 
to mix for 10 minutes to allow for a thorough mix of all the dry mixing materials. Prior to mixing 
a 300 gallon tank was filled and used for mixing and cleaning. At the end of the 10 minutes, water 
was added to the mix at a rapid pace using a gas-powered pump. This was mixed for an additional 
15 minutes.  
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Figure 3.15: Formwork & steel cage (top left), materials for bed 1 (top middle), debonding 
plastic sleeves (top right), flow meter (bottom). 
 
3.3.2.2 Errors with Initial Mixing Procedure 
During the mixing process the initial mixing procedure led to a handful of problems. With 
the 1:1 ratio of buckets dumped into the mix, an excess amount of buckets of shells were left to 
add at the end. The cement and lime were sticking to the inner wall of the mixer and it was required 
to stop the machine and scrape the material off the wall. Lastly, during the mixing procedure 
clumps of concrete were coming forward and found their way into the bed. 
To avoid these problems from occurring further, the following adjustments were made to 
the mixing procedure. Buckets of aggregates (sand and coquina/oyster shells) were balanced out 
to have a more homogenous mix; this was unique for each bed. To prevent the cement and lime 
from sticking to the inner wall of the mixer, the mixer was left dry before the addition of aggregate 
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(sand and shells) and binder material (cement and lime). While mixing, to stop the cement from 
clumping together, shells were poured in the mix at the same time as the cement. 
3.3.2.3 Finalized Mixing Procedure 
A chute was attached into the front of the 1 yd.3 mixer. After weighing out all of the 
materials in their respective number of buckets, the buckets were divided up to distribute the sand 
and shells evenly throughout the entire mixing process. To ensure a more homogenous mix, all 
buckets were poured in combination with another dry material. The first half being a blend between 
sand and shells, the middle a blend between cement and shells with lime and sand, with the final 
portion a blend between sand and shells.  
 
 
Figure 3.16: 1 yd.3 concrete mixer with chute (left), pouring sand and shell simultaneously 
(right). 
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With all dry material in the mixer, the chute was removed and the mixer was run for 15 
minutes with the dry material to allow for a homogenous mix. After 15 minutes, the prescribed 
amount of water for the mix was added to the mix using the flow meter. The water was added by 
two different means, using a long tube to extend to the back of the mixer, and to simply spray the 
water into the mixer. This wetted material mixed for 20 minutes. 
3.3.3 Casting Limestone Beds 
Before pouring the now well mixed material, enough fresh limestone for cylinder samples, 
16, was poured into a concrete wheel barrel. Shovels were used to evenly displace the fresh 
limestone throughout the bed, while not disturbing the formwork or steel cage. At six inches of 
fresh limestone in the formwork, plastics tops were placed at the desired shaft locations. These 
plastics tops acted as debonding layers between the bottom of the bed and the cored shafts. While 
coring the shafts these plastic tops acted as good indicators for the depth of the shaft. The fresh 
simulated limestone was then moved around the bed to not disturb the plastic tops. Also, to 
simulate submerged conditions in the field the bed was cast to a height of 22 to 23 inches, leaving 
one to two inches between the bed surface and the top of the formwork. 
To ensure a flat surface during the pullout test, a trowel was used to finish and smooth the 
top of the bed. All thread bars, six inches in length with variable diameters, were positioned half 
their distance into the bed at locations of the shafts. These all thread steel bars were used as locaters 
for coring and to hold the 4 in. circular wooden disk to keep the coring bit from scouring the top 
of the bed. They were also used to extract the top portion of the coring sample. For beds 4 and 6 a 
concrete vibrator was used to consolidate the freshly poured simulated limestone material, as these 
mixes were very thick and not workable. During the casting process, cylinders were cast using the 
standard 4 in. x 8 in. molds. 
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Figure 3.17: Wheel barrel with fresh limestone for cylinders (left), casting cylinders (middle), 
troweling surface of bed 4 (right). 
 
3.3.3.1 Bed 1 
The mixing procedure for bed 1 followed the initial mixing procedure that came with 
numerous problems. During the pouring process, clumps of concrete were observed, retrieved, 
broken apart and deposited back into the mix. Additionally, extracting cores from the bed during 
coring and after rock socket extraction showed large portions of cured concrete as shown in Figure 
3.18. This mix provided less material than expected and nine cylinders were made. Cylinder 
samples broke at unconfined compressive strengths of 457 psi (Figure 3.19). Mixing weights for 
bed 1 can be found in Table 3.5. 
 
Table 3.5: Mix proportions for bed 1 (UCS = 457.94 psi, 28 day). 
Bed 1 Bags Weight (lbs.) S.G. Vol (ft.3) Vol (gal.) 
Cement 4 376 3.15 1.913 
 
Lime 8 400 2.24 2.862 
 
Sand 
 
400 2.65 2.419 
 
Coquina/Shell 500 2.2 3.642 
 
Water 
 
636.5 1 10.120 76.3 
w/c 1.69 
    
  
Total Volume 21.0 ft.3 
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Figure 3.18: Bed 1 casting (top), cement clumps in core (bottom). 
 
 
Figure 3.19: Bed 1 unconfined compression test results at extraction. 
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3.3.3.2 Bed 2 
Bed 2, and each bed hereafter, followed the finalized mixing procedure. The use of the 
chute and scaffolding were included in this mix, and those that followed, as shown in Figure 3.20. 
The use of the chute allowed for two individuals to pour two separate mixing materials into the 
mixer at the same time. There were no concerning issues with the mix or pouring the bed. 16 
cylinders were cast and used for testing, giving unconfined compressive strengths that can be seen 
in Figure 3.21. Table 3.6 shows the mixing weights for bed 2. 
 
Table 3.6: Mix proportions for bed 2 (UCS = 756.77 psi, 28 day). 
Bed 2 Bags Weight (lbs.) S.G. Vol (ft.3) Vol (gal.) 
Cement 3 282 3.15 1.435 
 
Lime 6 300 2.24 2.146 
 
Sand 
 
800 2.65 4.838 
 
Coquina/Shell 800 2.2 5.828 
 
Water 
 
451.2 1 7.231 54.1 
w/c 1.6 
    
  
Tot Vol 21.5 ft.3 
 
 
 
Figure 3.20: Casting bed 2. Casting site (top left), dry material mixing (top middle), adding water 
to dry mix (top right), pouring first 6 in. of fresh limestone (bottom right), laying debonding 
plastic tops (bottom middle), spreading fresh limestone (bottom right). 
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Figure 3.21: Bed 2 unconfined compression test results at extraction. 
 
3.3.3.3 Bed 3 
Bed 3 was a thicker material than those seen in bed 1 and 2; however, the concrete vibrator 
was not used for consolidation. This gave a much rougher surface that needed to be cleaned before 
pullouts could be done. Figure 3.22 shows the fresh simulated limestone being carefully spread 
throughout the bed to not disturb the location of the plastic tops acting as a debonding layer. Once 
more, 16 cylinders were taken, with Figure 3.23 giving the unconfined compressive strengths of 
the bed. Cylinder data for the 28 day break of bed 3 was lost; therefore extraction day strengths 
were specified Table 3.7. 
 
Table 3.7: Mix proportions for bed 3 (UCS = 487 psi, extraction 44day). 
Bed 3 Bags Weight (lbs.) S.G. Vol (ft.3) Vol (gal.) 
Cement 2 188 3.15 0.956 
 
Lime 4 200 2.24 1.431 
 
Sand 
 
1100 2.65 6.652 
 
Coquina/Shell 1100 2.2 8.013 
 
Water 
 
300.8 1 4.821 36.1 
w/c 1.6 
    
  Tot Vol 21.9 ft.3  
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Figure 3.22: Casting bed 3. Debonding plastic sleeves (top right), spreading fresh limestone (top 
right & bottom left), troweling to smooth the surface (bottom right). 
 
 
Figure 3.23: Bed 3 unconfined compression test results at extraction. 
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3.3.3.4 Bed 4 
For each of the 19.24 ft3 simulated limestone beds a 1 ft.3 mix with the same ratios was 
prepared and completed. This was to see how the ratios acted in a scaled down version of the 
design mix prior to casting the simulated limestone bed. During the 1 ft.3 mix, it was noticed that 
the water/cement ratio of 1.6 was leaving a considerably dryer mix then desired. An additional mix 
was completed and the water/cement ratio was bumped to 3.0. This increased water/cement ratio 
was followed through in the mix design for bed 4 (Table 3.8).  
However, during the casting process of the simulated limestone bed the material was still 
noticeably thick and unworkable. To ensure that the fresh material would distribute evenly 
throughout the bed a concrete vibrator was used to consolidate the material (Figure 3.24). Even 
with the use of the concrete vibrator, the bed was still quite porous as can be seen in Figure 3.24. 
This porous bed left the cylinder samples to be of the desired low strength, as shown in Figure 
3.25. 
Beds 1 through 4 used whole bags of cement and lime; however, as Table 3.8 shows, only 
one bag of cement was used for bed 4. This low cement content gave a considerably lower strength 
than the previous beds at 65 psi (Figure 3.25). However, with bed 4 meeting the low end of the 
desired strength spectrum, beds 5 and 6 used half bags of cement and lime. 
 
Table 3.8: Mix proportions for bed 4 (UCS = 65 psi, 28 day). 
Bed 4 Bags Weight (lbs.) S.G. Vol (ft.3) Vol (gal.) 
Cement 1 94 3.15 0.48 
 
Lime 2 100 2.24 0.72 
 
Sand 
 
1400 2.65 8.47 
 
Coquina/Shell 1400 2.2 10.20 
 
Water 
 
282 1 4.52 33.81 
w/c 3 
    
  
Tot Vol 24.38 ft.3 
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Figure 3.24: Casting bed 4. Visibly drier mix (top left), cylinder preparation (top middle), use of 
concrete vibrator (top right), end of pour (bottom right), trowel finished surface with threaded 
anchorages (bottom right). 
 
 
Figure 3.25: Bed 4 unconfined compression test results at extraction. 
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3.3.3.5 Bed 5 
Bed 5 used one and half bags of cement (Table 3.9) and followed the finalized mixing 
procedure specified in Section 3.2.5. Additionally, there were no problems with the casting of bed 
5 and 18 cylinders were cast as testing specimens. Bed 5 reached an unconfined compressive 
strength of 163 psi (Figure 3.27). This strength helped gap the strengths between bed 4 and 3. 
Figure 3.26 shows the complete casting process for bed 5. 
 
Table 3.9: Mix proportions for bed 5 (UCS = 163.4 psi, 28 day). 
Bed 5 Bags Weight (lbs.) S.G. Vol (ft.3) Vol (gal.) 
Cement 1.5 141 3.15 0.72  
Lime 3 150 2.24 1.07  
Sand  1100 2.65 6.65  
Coquina/Shell 1100 2.2 8.01  
Water  423 1 6.78 50.71 
w/c 3     
  Tot Vol 23.23 ft.
3 
 
 
 
Figure 3.26: Casting bed 5. Positioning 1 yd.3 mixer (top left), spreading fresh limestone (top 
right), topping off bed (bottom left), completed bed 5 (bottom right). 
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Figure 3.27: Bed 5 unconfined compression test results at extraction. 
 
3.3.3.6 Bed 6 
Bed 6 was designed to fill out the final gap in strength between beds 1 and 2, with an 
unconfined compressive strength of 685 psi (Figure 3.29). To accomplish this desired strength, the 
cement weight for bed 6 was halved between the weights of beds 1 and 2, at two and half bags 
(Table 3.10). Along with the previous beds, a 1 ft.3 mix was completed to observe the material 
properties during the mixing process using the 1.6 water/cement ratio. This 1.6 water/cement ratio 
left a dryer mix that was visibly less workable, therefore the concrete vibrator was used to 
consolidate the pour and ensure a homogenous simulated limestone bed (Figure 3.28). 
 
Table 3.10: Mix proportions for bed 6 (UCS = 685.6 psi, 28 day). 
Bed 6 Bags Weight (lbs.) S.G. Vol (ft.3) Vol (gal.) 
Cement 2.5 235 3.15 1.20  
Lime 5 250 2.24 1.79  
Sand  1000 2.65 6.05  
Coquina/Shell 1000 2.2 7.28  
Water  376 1 6.03 45.07 
w/c 1.6     
  Tot Vol 22.34 ft.
3 
 
0
100
200
300
400
500
600
700
800
900
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
S
tr
es
s 
(p
si
)
Strain (in/in)
37 
 
 
Figure 3.28: Casting bed 6. Debonding plastic tops (top left), visibly thick material (top right), 
concrete vibrated in use (middle left), troweling the surface (middle right), 1 in. submerging zone 
(bottom left), measuring for all thread placement (bottom right). 
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Figure 3.29: Bed 6 unconfined compression test results at extraction. 
 
3.4 Coring 
Each of the six beds had five shafts casted, three temporary casings and two inspection 
holes, excluding bed 3 which had only one inspection hole. All inspection holes were cored, 
flushed clean, drained of all water, and inspected. During the concrete casting process, the 
inspection holes were cast as control specimens under ideal construction conditions.  
There were two types of temporary casing installation methods: driven casing and rotatory 
casing. Both methods used a tripod and pulley combination to position and install the casing into 
the simulated limestone beds. This combination allowed for easier positioning between the beds 
and the concrete shafts. Figure 3.30 shows each of the casings installed, which had the same setup 
from bottom to top; coring bit, 2 ft. extension and the coring head. Coring bits included a driven 
shoe, fine-tooth bit, and coarse-tooth bit. Dimensions of the coring bits can be found in Table 3.11.  
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Table 3.11: Coring bit dimensions. 
Casing Diameter Dimension 
Driven 4.6 in. 
Fine-Tooth 4.7 in. 
Coarse-Tooth 4.8 in. 
 
 
Figure 3.30: Casing equipment. (from back row to front row) 2 ft. extensions, 1 ft. extensions, 
coarse-tooth – fine-tooth – driven shoe – casing head, 3 ft. pipe wrenches (far left). 
 
Throughout the six beds, there were six types of shaft specimens (specified in Table 3.12). 
For simplicity during the coring and extraction process a shaft layout was chosen (Figure 3.31). 
This shaft layout was developed with the alignment of the shafts starting with position “A” at the 
north most position, and going clockwise around the bed. However, the diagram shown in Figure 
3.31 gives the most idea shaft layout condition. While coring, the position nearest to the ‘north’ 
most position was chosen as “A”. Table 3.12 shows the shaft layout for each bed position. 
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Figure 3.31: Shaft position layout. 
 
Table 3.12: Shaft position details. 
Bed I.D. Specimen Position I.D. 
A B C D E 
1 (502.78 psi) Coarse Fine Fine (insp) Driven Driven (insp) 
2 (885.02 psi) Coarse Fine Driven Driven (insp) Coarse (insp) 
3 (487.42 psi) Coarse Fine Driven (insp) Driven Abandoned 
4 (64.78 psi) Coarse Fine Fine (insp) Driven Driven (insp) 
5 (163.40 psi) Coarse Fine Driven Driven (insp) Coarse (insp) 
6 (685.6 psi) Coarse Fine Fine (insp) Driven Driven (insp) 
 
3.4.1 Driven Casing  
Before installing the driven casing in the simulated limestone bed, a pilot hole was cored 
with a coring machine attached with a 16 in. long, 4 in. diameter coring bit. Figure 3.32 shows the 
coring machine in use on the surface of bed 2. This pilot hole was just smaller than the 4.6 in. outer 
diameter of the driving shoe. Therefore leaving enough material along the edge of the pilot hole 
for the shoe to drive into the bed while leaving the pulverized material on the outside of the driven 
casing. 
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The driven casing was installed using a weighted SPT rig attached to a rope and pulley 
system on the tripod. Using the cathead machine, the weight of the SPT rig was lifted one full arm 
stroke and released, driving the casings into the bed. Periodically, the process was stopped to check 
how level the casings was during installation. Prior to setting up the driven casing above the bed, 
18 inches was marked on the casing using red tape, it was to this point the casing was driven. 
Extraction of the driven casing used the same system as installation.  To not unsettle the 
bed material, and fresh concrete, the rope was lifted at small increments to ‘tap’ the weight on the 
rig and slowly lift the casing out of the bed. 
 
 
Figure 3.32: Coring machine atop bed 4, driven casing installation in bed 2. 
 
3.4.2 Rotatory Casing 
There were two types of rotatory casings, fine-tooth bit and coarse-tooth bit. Installation 
methods for these two types were the same. The desired coring bit, 2 ft. extension and the coring 
head were lifted and attached to a rotary gas-powered reduction gear box and a water swivel head. 
The gas-powered auger was moved and positioned over the shaft location, Figure 3.33. On the 
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surface of the bed at each shaft location, all thread rods were placed during casting that held a 4 
in. wooden disk to keep the coring bit from running away from the desire position. During the 
coring process, a level was used to check how straight the auger was coring into the bed. Prior to 
installation, markings were done at 18 in. to indicate the desired depth of coring.  
A water hose attachment was included on the auger bit above the coring system that flushed 
tap water through the coring rig. This was to prevent the coring bit from overheating and to have 
a smooth action through the hole. However, this constant flow of water flushed the particulates 
outside of the casing out of the hole as shown in Figure 3.33. 
 
 
Figure 3.33: Rotatory casings (left), flushed out particulates (right). 
 
3.4.3 Coring, Excavation and Inspection 
There were five shafts in all beds, excluding four in bed 3, each with three temporary 
casings and two inspection holes acting as control shafts. The two inspection holes were cored first 
with the casings extracted and the holes cleaned. Next the temporary casings were cored, leaving 
the casings in the shafts until the shaft were filled with concrete.  
If possible, the cores were extracted first by hand using the all thread steel rod to lift out 
the cores, Figure 3.38. Following the core extractions, a carbide tipped auger attachment was used 
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to pulverize the remaining material that could not be extracted intact. The remaining debris was 
removed using a 2 in. diameter airlift pump powered with a ½ in. ID air supply line. Additionally, 
for this system to work the hole had to be submerged in water, it would splutter and not lift any 
leftover material if there was not enough head. For the inspection holes, the shafts were drained 
using a water-powered venturi eductor, Figure 3.34. Lastly, for each of the beds a boring hole 
camera was lowered into the inspection shafts and pictures were taken of the sidewall to notice 
any differences among the installation methods. 
Upon completion of the pullouts, the coring machine with the 4 in. core bit was placed on 
the surface of the beds once more. Core samples were extracted from the beds to test for the 
unconfined compressive strengths of the beds. 
3.4.4 Bed 1 
While coring into bed 1, the coring samples extracted from the casing holes showed signs 
of the clumps of cement talked about in Section 3.2.6.1 (Figure 3.18). Excluding the clumps of 
cement, the actual coring process for bed 1 proceeded as expected and described previously with 
Figure 3.34 showing some of the coring processes. The boring hole pictures of the inspection hole 
for the coarse-tooth casing showed rough surface with only small pores. 
 
 
Figure 3.34: Excavation and casing installation for bed 1. Pre-coring for driven casing (left), 
rotated casing installation (middle), air vacuum (right). 
44 
 
 
Figure 3.35: Borescope for bed 1 fine-tooth drilled inspection hole. 
 
3.4.5 Bed 2 
During the coring process, for bed 2 caused some difficulties maintaining a straight and 
level auger. This caused the casing to not be sealed properly at the bottom of the shaft as the water 
flowed out of the casing. However, there were no problems with the concreting process or the 
extraction. Figure 3.36 shows the coring process in bed 2. Inspection of fine-tooth inspection hole 
can be seen in Figure 3.37.  
 
 
Figure 3.36: Excavation and casing installation for bed 2. (from top lt. to bot rt) installing carbide 
tip auger attachment, augering remaining core, cleaning hole with the water powered venturi 
eductor, driven casing installation, flushed particulates on surface of bed, pushing particulates 
back into annulus. 
BOTTOM 
TOP 
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Figure 3.37: Borescope of bed 2 coarse-tooth drilled casing inspection hole. 
 
3.4.6 Bed 3 
 While coring into bed 3 the shaft position “E” had to be abandoned. Using the remaining 
four shaft positions, three temporary casing and one inspection hole were cored and installed 
(Figure 3.38). The same procedures outlined in Section 3.31 and 3.3.2 were followed without 
incident in the remaining four shafts. Figure 3.39 shows the driven casing inspection shaft, with a 
smoother surface texture along the sidewall. 
 
 
Figure 3.38: Excavation and casing installation for bed 3. Pre-coring (left); core removal from 
drilled/rotated casing (middle); all casings installed with two inspection excavations (right). 
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Figure 3.39: Borescope of bed 3 driven casing inspection hole. 
 
3.4.7 Bed 4 
Bed 4 was a low strength, 65 psi, high porosity bed. During the coring process for both the 
driven and rotatory casing installations, the coring samples were pulverized upon impact (Figure 
3.40). Due to this pulverized material, no core samples were retrieved from bed 4. Additionally, 
the boring hole camera shows the high porosity and very rough surface of the sidewall in the driven 
casing inspection hole. (Figure 3.41). 
 
Figure 3.40: Excavation and casing installation for bed 4. Rotated casing installation (left); 
debris that resulted from pre-coring before driven casing installation (right). 
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Figure 3.41: Borescope of bed 4 driven casing inspection hole. 
 
3.4.8 Bed 5 
While coring bed 5, the casing installation took longer than in beds 1 through 4. As the 
casing was being installed through the use of the gas powered auger, the simulated limestone bed 
material was pulverized (Figure 3.42). This pulverized material inside the shaft slowed the 
installation process as the casing as to work harder to get through this material. Indecently, this 
increase in time allowed more of the particulates to be flushed out of the annulus (Figure 3.42). To 
solve this, the particulates were slowly pushed back into the annulus. The driven inspection shaft 
in bed 5 complimented the higher porosity of the weaker strength bed (Figure 3.43). 
 
 
 
Figure 3.42: Excavation and casing installation for bed 5. Installing coarse-temporary casings 
(top left), particulates expelled from the annulus (top right), carbide auger tip attachment (bottom 
left), pulverizing left over core with the carbide auger tip (bottom right). 
TOP 
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Figure 3.43: Borescope for bed 5 driven casing inspection hole. 
 
3.4.9 Bed 6 
As with the other beds, the 4 in. pilot holes for both the temporary casing and inspection 
holes for the driven casing were augered prior to casing installation. However, while coring the 4 
in. pilot holes the bed was tougher to core through then expected. The time to core the previous 
beds took approximately 15 to 20 minutes, while bed 6 required a minimum of 40 minutes. After 
finishing the coring holes the material was destroyed as was the case with the weaker beds, 4 and 
5. Since the cores were pulverized during the coring process, no core samples were extracted for 
testing during the coring process or on the day of concrete shaft extraction.  
Additionally, the gas-powered auger took an extended amount of time to install the casing 
for both the fine-tooth and coarse-tooth casings. While the casings took longer than expected to 
install, all casing types formed a good seal without the water seeping out of the shaft (Figure 3.44). 
The driven casings installation drove smoothly into the simulated limestone bed. With an 
unconfined compressive strength of 685 psi at 28 days in bed 6, the desired strength range 65 psi 
to 850 psi has been rounded out to give pullout data for multitude of ranges. The borehole camera 
pictures of the inspection shaft for the fine-tooth casings show a straight but rougher surface than 
that seen in the driven casings in other beds (Figure 3.45). 
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Figure 3.44: Excavation and casing installation for bed 6. Completed pilot holes for driven 
casings (top left), pulverizing driven temporary casing (top right), untwisting the braided rope 
holding the auger (bottom left), detaching the casings to leave in the hole (bottom right). 
 
 
Figure 3.45: Borescope for bed 6 fine-tooth drilled inspection hole. 
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3.5 Pouring Concrete Shaft 
3.5.1 Concrete Mix 
Design capacities for the rock socket were expected to reach between of 30 to 50 kips, 
therefore a concrete mix of 6500 psi was necessary to ensure the concrete did not fail during the 
pullout test. Along with a strong concrete mix, a fluid, high slump mix was required. To increase 
the fluidity a superplasticizer, ADVA Cast 575, was included at the end of the concrete mixing 
procedure. The amount of the superplasticizer used to increase the fluidity of the concrete mix fell 
within the recommended amounts provided by GCP Applied Technologies. 
The concreting process for each of the five shafts could take a considerable amount of time 
without any problems occurring during the pouring concrete and casing extraction process. 
Therefore, it was determined that the concrete mixes would be split between 2 phases. The first 
phase, a 1 ft.3 concrete mix, consisted of pouring concrete and extracting the three temporary 
casings (Table 3.13). The second phase, a .75 ft.3 concrete mix, was associated with the two 
inspection holes (Table 3.14). 
 
Table 3.13: 1 ft.3 concrete mix. 
3 Shaft Mix, 1 ft.3 
Water 20.20 lbs 
Cement 60.28 lbs 
Sand 64.52 lbs 
ADVA Cast 575 0.079 lbs 
 
Table 3.14: .75 ft.3 concrete mix. 
2 Shaft Mix, .75 ft.3 
Water 15.15 lbs 
Cement 45.21 lbs 
Sand 48.39 lbs 
ADVA Cast 575 0.059 lbs 
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3.5.2 Pouring Shafts Procedure 
Before pouring concrete in the shaft, the holes were inspected to ensure there was no 
leftover material at the bottom of the hole. To mimic field conditions, the bed was submerged with 
water; however, depending on the porosity of the bed it may have been required to be submerged 
multiple times. A 3 in. diameter tremie pipe, capped at the bottom, was pushed to the bottom of 
the shaft, with a hopper attached at the top as can be seen in Figure 3.46. 4 inches of fresh concrete 
was poured from the concrete mixer into a five gallon bucket and transported to the tremie. This 
fresh concrete was slowly poured into the hopper and into the tremie pipe.   
 
 
Figure 3.46: Tremie and hopper. 
 
3.5.3 Temporary Casing Concreted Shafts 
Using the SPT Rigs weighted hammer to extract the driven casing caused small vibrations 
throughout the bed. Due to the small vibrations in the bed, the driven temporary casing was 
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extracted first to not unsettle freshly poured concrete in the other shafts. The process for extracting 
the casing was the same as that outlined in Section 3.3.1 and 3.3.2. 
Following the driven casing extraction, the nearest coarse-tooth or fine-tooth temporary 
casing was chosen to be concreted.  Once the concrete was inside the tremie pipe and the tremie 
removed, the casing was extracted, as seen in Figure 3.47, with two 3 ft. pipe wrenches positioned 
at opposite ends and slowly rotated clockwise out of the shaft.  To assist in extracting the casing, 
a rope and pulley system was attached to the casing head and slowly pulled upward. 
During the extraction period of the temporary casings, at times the pullout rods stuck up 
higher than expected. To ensure the casing head would fully thread into the casings a 1 ft. extension 
was added to the system. 
 
 
Figure 3.47: Casing extraction, rotatory. 
53 
 
However, when doing construction of drilled shafts in the field, the coring mechanism 
usually does not require the need to flush the system with water. During the laboratory testing, the 
gas-powered auger required water to be flushed through the system, as to not over heat the 
equipment and to allow the bit to smoothly move in and out of the shaft. Figure 3.48 shows that 
the additional water caused the ‘pulverized’ material between the casing and the bed to be 
deposited on the surface of the bed.  As part of this research was to quantify the capacity of the 
zone that the temporary casing intrudes into the limestone bedrock, before the casing were 
extracted, the leftover deposits were slowly pushed back into the annulus.  
 
 
Figure 3.48: Pulverized material deposited on top of bed 2. 
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3.5.4 Inspection Concreted Shafts  
With the completion of the first phase, the mixer was cleaned and prepared for the second 
phase. This second concrete mix was scaled down to .75 ft.3, but continued with the same mix 
ratios as that in the first concrete mix. Without the temporary casings installation, the tremie was 
placed into the inspection hole that was submerged to the surface of the bed. However, with the 
high porosity of bed 4, during the pouring of the concrete shafts maintaining submerged conditions 
was only possible with a continuous flow of water. 
3.5.5 Debonding Sleeves 
While going through the design, there was concern the top of the bed would ‘blow out’ 
during the pullout test. Therefore, to reduce the capacity of the rock socket, 8 in. debonding sleeves 
were cut out of 6 in. x 12 in. cylinder molds and inserted into the top eight inches of the shaft, 
Figure 3.49. 
 
Figure 3.49: Debonding sleeves. 
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3.5.6 Rock Sockets and Pullout Bars 
 Rock sockets were designed using 0.5 UCS as the shear stress that results from unconfined 
compression testing with no lateral confinement, or the radius of Mohr’s circle. The pullout force 
was determined by multiplying the surface area by this shear stress. The surface area was found 
by using a 5 in. diameter, slightly larger than the coring bits, and expected 10 in. long rock socket 
(debonded length). Using the strongest expected bed, 850 psi, the worst case expected load was 
66.8 kips, as shown in the example below. 
𝑈𝐶𝑆 = 850 𝑝𝑠𝑖 
𝑆ℎ𝑒𝑎𝑟 𝑆𝑡𝑟𝑒𝑠𝑠 = 0.5 𝑈𝐶𝑆 = 0.5 ∗ 850 𝑝𝑠𝑖 = 425 𝑝𝑠𝑖 
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 = 𝐶𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ∗ 𝐿𝑒𝑛𝑔𝑡ℎ = (2 ∗ 𝜋 ∗ 𝑟𝑎𝑑𝑖𝑢𝑠) ∗ 𝐿𝑒𝑛𝑔𝑡ℎ (𝑑𝑒𝑏𝑜𝑛𝑑𝑒𝑑) 
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 = (2 ∗  𝜋 ∗ 2.5 𝑖𝑛. ) ∗ 10 𝑖𝑛. = 157.08 𝑖𝑛2 
𝑃𝑢𝑙𝑙𝑜𝑢𝑡 𝐹𝑜𝑟𝑐𝑒 = 𝑆ℎ𝑒𝑎𝑟 𝑆𝑡𝑟𝑒𝑠𝑠 ∗ 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 = 425 𝑝𝑠𝑖 ∗  157.08 𝑖𝑛.2 = 66,759 𝑙𝑏𝑠. 
To ensure the steel used would not yield during testing, a 1 in. diameter all thread steel bar 
was used with a yield strength of 120 ksi. This gave a yielding capacity of 94.25 kips, as shown 
below. 
𝑌𝑖𝑒𝑙𝑑𝑖𝑛𝑔 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑆𝑡𝑒𝑒𝑙 = 120 𝑘𝑠𝑖 ∗
𝜋
4
∗ (1)2 = 94.25 𝑘𝑖𝑝𝑠 
Pullout bars were inserted into the fresh concrete and pushed to the bottom of the shaft. 
The all thread steel bars were delivered in 10 ft. lengths, and were cut down to 39 inches each to 
allow for some room for error while cutting the bars and allow for the reaction system to be set up 
during extractions. Located at the bottom of the all thread steel rod was a ½ in. steel disk that was 
cut into a 4 in. diameter circle with three ¾ in. around the perimeter of the disk. These three holes 
were to allow the concrete to flow through the disk. This steel disk was held in place by two 1 in. 
steel nuts above and below the disk. To protect the steel from the fresh concrete, a class 200 PVC 
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was cut down to 35.5 in. to act as a sleeve and was held in place a third 1 in. nut located at the top 
of the all thread steel rod. Duct tape was wrapped around the openings of the sleeve, both top and 
bottom, to stop the flow of concrete inside the PVC sleeve, Figure 3.50. 
Lastly, with the pullout bars in place, the top 3 inches of the debonded section of the fresh 
concrete was removed using a venturi eductor and water hose suction. With the pullout rods in 
place, bricks were used to keep them centered as the concrete cured. 
 
 
Figure 3.50: Pullout rods (left), completed pullout bars held in place by bricks (right). 
 
3.5.7 Concrete Shaft Results 
While pouring concrete in the second bed the process took longer than expected and the 
concrete mix began to thicken and set. All subsequent beds had the concrete mixes split between 
the two mixes as shown in Table 3.13 and 3.14. Due to the cleaning of the concrete mixer, the time 
to cast the rock sockets was increased but not by a significant amount. Additionally, when 
completing the shafts in the second bed, the pullout bars were leveled to be straight and not 
centered. As the bottom of the rock socket was not cored out to be flat surface during the coring 
process, this caused the fine-tooth temporary rock socket in the second bed to have an eccentricity 
of 1 in. 
57 
 
 
 
 
 
 
CHAPTER 4: PULLOUT TESTING RESULTS 
 
4.1 Pullout Test 
The purpose of this testing was to determine the side shear resistance of concrete shafts 
(rock sockets) in limestone due to temporary casings. The initial stages of the project were to create 
simulated limestone beds that had similar properties of natural limestone; both physical and visible 
as seen in Figure 4.1. To quantify the side shear resistance, pullout test were performed one week 
after concreting the shafts. 
During concreting, 1 in. all thread 120 ksi steel were placed in the center of the shafts, with 
a 4 in. diameter steel plate located at the bottom of the steel bar. A plastic sleeve, 1 in. class 200 
PVC, surrounded the steel bar to act as a debonding agent between the concrete and the steel bar. 
The debonding of the concrete to the all thread steel was to ensure that during testing the steel 
would experience the uplift tensile forces, while the concrete would go into compression. This test 
was conducted on six separate simulated limestone beds of varying unconfined compressive 
strengths ranging from 60 psi to 850 psi. 
 
 
 
Figure 4.1: Beds 1 through 6 (from top left to bottom right) without formwork. 
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4.2 Load Cell 
The first pullout test were performed on bed 3, in which slightly higher than expected loads 
were observed. For this first test a 10 ton Tokyo Sokki was used and experienced nearly three 
times its recommended limit. To prevent damage to the load cell and to maintain the quality of 
data the 10 ton Tokyo Sokki was switched for a 50 ton Tokyo Sokki load cell. This 50 ton load 
cell was calibrated to have the same sensitivity as the 10 ton load cell to maintain consistent data 
collection. Additionally this 50 ton load cell was used for the remaining test beds. Specifications 
for both the 10 ton and 50 ton load cells can be found in Table 4.1. 
 
Table 4.1: Load cell specifications. 
Transducer Brand Capacity Sensitivity Excitation Gain 
- - tons - V - 
Load Cell Tokyo Sokki 10 1.045 mV / 22.04 kips / 1 V 5 50 
Load Cell Tokyo Sokki 50 1.619 mV / 110.23 kips / 1 V 5 50 
 
4.3 LVDT 
The LVDT that was used for this project was an Omega LD600 series. Initially the LVDT 
was not operational, however during the experimental stress analysis class this LVDT was repaired 
and used for testing. The LVDT stroke goes from -0.71 to 0.70 with a maximum displacement of 
1.41 inches. This LVDT calls for an excitation voltage of 5 volts. Using the MegaDAC system, 
physical calibrations were run and the sensitivity was determined to be 3052.6 mV / 1 in. / 5 V. 
All specifications for the LVDT used can be found in Table 4.2. 
 
Table 4.2: LVDT specifications. 
Transducer Brand Series Capacity Sensitivity Excitation Gain 
- - - in. - V - 
LVDT Omega LD600 1.41 3052.6 mV / 1 in. / 5 V 5 1 
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4.4 Data Acquisition 
Data acquisition was done using the MegaDAC and its computer setup, as shown in Figure 
4.2. The cables for the LVDT and load cells were wired into the multiplexer with Eqn 4.1, 4.2, and 
4.3 showing the configuration. The LVDT had an unconventional wiring layout.  
 
 
Figure 4.2: MegaDAC and computer setup. 
 
𝐿𝑉𝐷𝑇 = 𝑊ℎ𝑖𝑡𝑒 − 𝑅𝑒𝑑 − 𝐵𝑙𝑎𝑐𝑘 − 𝐺𝑟𝑒𝑒𝑛                  (Eqn. 4.1) 
10 𝑡𝑜𝑛 𝐿𝑜𝑎𝑑 𝐶𝑒𝑙𝑙 = 𝑅𝑒𝑑 − 𝐺𝑟𝑒𝑒𝑛 − 𝑊ℎ𝑖𝑡𝑒 − 𝐵𝑙𝑎𝑐𝑘  (Eqn. 4.2) 
50 𝑡𝑜𝑛 𝐿𝑜𝑎𝑑 𝐶𝑒𝑙𝑙 = 𝑅𝑒𝑑 − 𝐺𝑟𝑒𝑒𝑛 − 𝑊ℎ𝑖𝑡𝑒 − 𝐵𝑙𝑎𝑐𝑘  (Eqn. 4.3) 
 
4.5 Pumps 
Two types of pumps were used in the extraction of the concrete shafts (rock sockets). 
Initially, a hand pump was used to ‘break’ free the rock socket: this was done by taking the LVDT 
to its full extension. Once each of the rock sockets had been ‘broken’ free, an electric pump was 
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attached to the jack and used to do the final extraction. These pumps were installed on two separate 
jacks, a 30 ton jack and a 60 ton jack. With the weaker beds expecting weaker pullout capacities a 
30 ton jack was used on beds 1, 3, 4 and 5. Additionally, the 60 ton jack was used on beds 2 and 
6, with expectations for stronger pullout capacities. Data collection was done during the hand 
pump portion with the use of the LVDT. No additional data was collected after breaking free the 
shaft and using the electric pump for final extractions. 
4.6 Test Setup 
The pullout test was setup and performed directly on the surface of the simulated limestone 
beds. Steel blocks with dimensions, 6 in. x 3 in. x 3 in., were placed just outside of the concreted 
shaft area. A 1 ft. x 1 ft. x 1 in. steel plate with a 1 
1
4
 of an inch diameter hole in the center of the 
plate was gently placed on the steel blocks, with the all thread steel bar going through the hole. 
Pieces of tin were placed, where necessary, to keep the steel blocks leveled on the surface of the 
bed. 
A 30 ton and 60 ton jack were alternatively used on the six beds depending on the 
compressive strengths of the beds and expected ultimate capacities for the socket, roughly 0.5UCS. 
These jacks were carefully lowered onto the bottom steel plate with the all thread steel bar going 
through the center of the jack. On top of the jack a load cell was placed with another 1 ft. x 1 ft. x 
1 in. steel plate placed on top and secured in place with a 1 in. nut. All of these were aligned to 
keep the all thread steel bar going through, but not touching the surrounding system. 
The LVDT was attached to an all thread rod that has a magnet on the end. The LVDT setup 
was pushed as close to the jack and load cell as possible without touching it, so as to not affect the 
quality of the data coming from the LVDT. The complete pullout test can be seen in Figure 4.3. 
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Figure 4.3: Complete pullout test setup for driven temporary casing in bed 1. 
 
4.7 Test Results 
As the concrete shaft (rock socket) was extracted to the full length of the LVDT, roughly 
1.4 in., the entire reaction system was shifted to the next shaft and followed the same procedure. 
Once each shaft was extracted the full length of the LVDT, the electric motor was attached and 
the shaft was pulled straight out. 
Measurements of the shafts were required to determine the capacity of the rock socket in 
the beds. As debonding sleeves were placed in the upper portions of the shaft, the length of the 
shaft was measured from the bottom of the debonding sleeve to the bottom of the shaft, including 
the nut and pullout steel plate. Additionally, to finish the surface area, the diameter of the shaft 
was measured by taking diameter measurements at the top, middle and bottom section of the 
bonded rock socket. Sample and tool dimensions are listed in Table 4.3. 
Using the dimensions of the rock sockets specified in Table 4.3, the pullout force was 
converted to side shear stress for each rock socket, following Eqn 4.4. Furthermore, the shear stress 
for each rock socket were normalized to their unconfined compression strengths, Eqn 4.5. 
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𝑆𝑖𝑑𝑒 𝑆ℎ𝑒𝑎𝑟 𝑆𝑡𝑟𝑒𝑠𝑠 =  
𝐿𝑜𝑎𝑑
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑆ℎ𝑎𝑓𝑡 
=  
𝐿𝑜𝑎𝑑 
𝐶𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒∗𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑆ℎ𝑎𝑓𝑡
                  (Eqn. 4.4) 
 
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑆𝑡𝑟𝑒𝑠𝑠 =
𝑆𝑖𝑑𝑒 𝑆ℎ𝑒𝑎𝑟 𝑆𝑡𝑟𝑒𝑠𝑠
𝑈𝑛𝑐𝑜𝑛𝑓𝑖𝑛𝑒𝑑 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ
     (Eqn. 4.5) 
 
Table 4.3: Dimensions of all shafts. 
Sample Excavation 
diameter (in.) 
Extracted shaft 
diameter (in.) 
Tool diameter 
(in.) 
Rock socket 
length (in.) 
Shear area 
(in.2) 
1A 4.875 4.922 4.850 6.523 15.463 
1B 4.750 4.809 4.740 7.107 15.108 
1C 4.506 5.089 4.740 6.034 15.988 
1D 4.688 4.679 4.600 6.713 14.699 
1E 4.625 4.814 4.600 7.981 15.124 
2A 4.938 4.934 4.850 6.748 15.501 
2B 4.894 4.803 4.740 7.189 15.089 
2C 4.678 4.640 4.600 8.060 14.578 
2D 4.625 4.733 4.600 7.627 14.870 
2E 5.063 4.934 4.850 6.528 15.501 
3A 4.934 4.934 4.850 3.328 15.375 
3B 4.875 4.894 4.740 4.969 15.501 
3C 4.813 4.808 4.600 6.538 15.104 
3D 4.813 4.725 4.600 6.470 14.845 
4A 5.005 6.108 4.850 16.000 19.188 
4B 5.031 6.305 4.740 14.875 19.808 
4C 5.219 5.917 4.740 15.625 18.589 
4D 5.200 5.063 4.600 14.057 15.906 
4E 4.938 5.845 4.600 16.000 18.362 
5A 4.765 5.186 4.850 8.701 16.291 
5B 5.055 5.163 4.740 8.460 16.221 
5C 4.898 4.829 4.600 9.623 15.172 
5D 4.636 5.144 4.600 9.171 16.159 
5E 5.229 5.746 4.850 9.138 18.053 
6A 5.161 5.039 4.850 9.539 15.832 
6B 5.089 4.862 4.740 9.255 15.274 
6C 4.717 4.886 4.740 9.179 15.351 
6D 4.920 4.702 4.600 8.132 14.771 
6E 4.644 4.611 4.600 9.140 14.485 
 
4.7.1 Bed 1 
During the pullout test on bed 1, the pullout test performed as expected and there were no 
discernable problems that occurred. Figure 4.4 shows the extracted shafts for bed 1, while the load 
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vs displacement and side shear stress vs displacement for bed 1 can be found in Figure 4.5 and 4.6 
respectfully. Furthermore, the normalized stress for bed 1 can be found in Figure 4.7. 
 
 
Figure 4.4: Extracted shafts for bed 1. Coarse temporary (left), driven temporary (second from 
left), driven inspection (middle), fine inspection (second from right), fine temporary (right). 
 
 
Figure 4.5: Pullout resistance vs. uplift displacement for all bed 1 specimens. 
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Figure 4.6: Side shear stress vs displacement for all bed 1 specimens. 
 
 
Figure 4.7: Normalized stress vs displacement for bed 1. 
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 4.7.2 Bed 2 
As stated in Section 3.4.7, the shafts were leveled to be straight based off an irregular base 
at the bottom of the shaft. This created an eccentricity in the fine temporary rock socket causing 
the steel disk to yield and the concrete shaft to crumble, as shown in Figure 4.8. As can be seen in 
Figure 4.9 and Figure 4.10, the results for this specimen were significantly higher than the other 
specimens. Lastly, the normalized stress for bed 2 can be found in Figure 4.11. 
 
 
Figure 4.8: Extracted shafts for bed 2. Coarse temporary (left), fine temporary (second from left), 
driven temporary (middle), driven inspection (second from right), coarse inspection (right). 
 
 
Figure 4.9: Pullout resistance vs. uplift displacement for all bed 2 specimens. 
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Figure 4.10: Side shear stress vs displacement for all bed 2 specimens. 
 
 
Figure 4.11: Normalized stress vs displacement for all bed 2 specimens. 
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4.7.3 Bed 3 
Bed 3 was the first bed to have the pullout test performed, and yielded results that were 
considerably higher than the other results. Additionally this caused rock sockets for the fine-tooth 
and coarse-tooth temporary casing to have completely crumbled upon full extraction. The driven 
temporary casing showed half the rock socket to have broken away. Driven inspection rock socket 
was the only shaft to have a complete rock socket intact upon extraction. Figure 4.12 shows the 
extracted shafts for bed 3. Results for bed 3 can be found in Figure 4.13 and 4.14. Furthermore, 
the normalized stress for bed 3 can be found in Figure 4.15. 
 
 
Figure 4.12: Extracted shafts for bed 3. Coarse temporary (left), fine temporary (second from 
left), driven temporary (second from right), driven inspection (right). 
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Figure 4.13: Pullout resistance vs. uplift displacement for all bed 3 specimens. 
 
 
Figure 4.14: Side shear stress vs displacement for all bed 3 specimens. 
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Figure 4.15: Normalized stress vs displacement for all bed 3 specimens. 
 
4.7.4 Bed 4 
The high porosity of bed 4 caused the concrete to flow more easily into the bed, filling the 
voids. This had a direct result on the dimensions of the rock socket, as can be seen in Figure 4.16. 
All shafts were cleaned to show the bottom portion of the rock socket. Results for bed 4 can be 
found in Figures 4.17 and 4.18. Lastly, the normalized stress for bed 4 can be found in Figure 4.19. 
 
 
Figure 4.16: Extracted shafts for bed 4. Driven temporary (left), driven inspection (second from 
left), coarse temporary (middle), fine temporary (second from right), fine inspection (right). 
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Figure 4.17: Pullout resistance vs. uplift displacement for all bed 4 specimens. 
 
 
Figure 4.18: Side shear stress vs displacement for all bed 4 specimens. 
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Figure 4.19: Normalized stress vs displacement for all bed 4 specimens. 
 
4.7.5 Bed 5 
The pullout test for bed 5 performed as outlined in Section 4.6 & 4.7. During the extraction 
the shafts had excess amounts of simulated limestone material on the outside of the debonding 
sleeve (Figure 4.20). This excess material was removed, along with the debonding sleeve, to 
measure the length of the rock socket. Diameters for the shaft were taken at the top, middle and 
bottom of both the bonded and debonded sections of the shaft (Figure 4.21). Dimensions for the 
analysis of the shaft were taken from the debonded section of the shaft. All of the results for the 
bed 5 specimens can be found in Figures 4. 22 through 4.24. 
 
Figure 4.20: Shaft extraction showing excess material beyond bonding sleeve from bed 5. 
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Figure 4.21: Extracted shafts for bed 5. Coarse temporary (left), fine temporary (second from 
left), driven temporary (middle), driven inspection (second from right), coarse inspection (right). 
 
 
Figure 4.22: Pullout resistance vs. uplift displacement for all bed 5 specimens. 
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Figure 4.23: Side shear stress vs displacement for all bed 5 specimens. 
 
 
Figure 4.24: Normalized stress vs displacement for all bed 5 specimens. 
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4.7.6 Bed 6 
Lastly, bed 6 pullouts preformed as expected without incident. Figure 4.25 shows the 
extracted shafts for bed 6. Results for bed 6 can be found in Figures 4.26 and 4.27. Lastly, the 
normalized stress for bed 6 can be found in Figure 4.28. 
 
Figure 4.25: Extracted shafts for bed 6. Coarse temporary (left), driven temporary (second from 
left), driven inspection (middle), fine inspection (second from right), fine temporary (right). 
 
 
Figure 4.26: Pullout resistance vs. uplift displacement for all bed 6 specimens. 
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Figure 4.27: Side shear stress vs displacement for all bed 6 specimens. 
 
 
Figure 4.28: Normalized stress vs displacement for all bed 6 specimens. 
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CHAPTER 5: CONCLUSION 
 
5.1 Rock Socket Pullout Analysis 
The purpose of this study was to determine the effect on side shear resistance in limestone 
when temporary casing is used. Due to testing in actual limestone being an unrealistic goal, 
simulated limestone mixes were prepared and cast into 6 – 42 in. diameter beds. Limestone 
throughout Florida can be quite varied (e.g. 50-5000 psi); however, stronger limestone is not likely 
to be penetrated by casing installation. Therefore, target unconfined compressive strengths of test 
beds ranged between 60 psi to 850 psi (Table 5.1). The strengths of the beds from 7 days to the 
extraction day of the shafts are presented in Figure 5.1.  
 
 
Figure 5.1: Stress vs age for beds 1-6. 
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The mix proportions used in the preparation of the beds was based on earlier laboratory 
tests. Figure 5.2 shows both the laboratory and large scale specimens 28 day strengths. Figure 5.2 
also shows the upper and lower bounds of the desired strengths for the six beds, 60 psi – 850 psi. 
As is shown in Figure 5.2, all six beds fell within the desired strength range, with the exception of 
bed 2 at 865 psi. 
 
Table 5.1: Unconfined compressive strengths for beds 1-6 at extraction. 
Bed UCS (psi) 
1 502.78 
2 885.02 
3 487.42 
4 64.78 
5 163.44 
6 685.56 
 
 
Figure 5.2: UCS vs cement content for all lab (black) and limestone beds (red). 
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In each bed, five shafts were cast using a variety of casing installation/extraction 
techniques, excluding bed 3 where one hole was abandoned during testing. Each shaft was augured 
to an average length of 18 in. with a nominal diameter of 5 in. The methods of installing casing 
included: driven and rotatory. From these installation methods three separate casing types were 
chosen: driven with hardened driving shoe, fine-tooth rotatory and coarse-tooth rotatory. To 
quantify the effects of the temporary casings on the drilled shaft rock socket in each bed there were 
three temporary casings shafts and two inspection shafts. 
During the excavation process, inspection shafts (controls) were prepared where the casing 
installation was identical to all temporary casing specimens, but where the casing was first 
removed, flushed clean, inspected and cast under ideal conditions. Temporary casings were 
installed in the bed, augured and then inside the casing was flushed clean while leaving the casings 
in place until concrete was poured. Pullout test were performed on all specimens one week after 
pouring fresh concrete. Table 5.2 shows the ultimate pullout capacity during extraction for all 29 
specimens and their respective casings type. Each shaft was measured for its length in both the 
debonded and bonded sections. Lastly, measurements for the diameters were done at the top, 
middle, and bottom portions of the debonded and bonded sections. 
 
Table 5.2: Ultimate pullout strength for beds 1-6. 
Bed I.D. Specimen Pullout Capacity (kips) 
A B C D E 
1 19.061 25.192 33.365 28.343 29.536 
2 40.171 67.922 31.663 44.006 51.154 
3 50.811 52.102 58.806 36.783 n/a 
4 23.911 26.892 27.805 15.153 27.756 
5 14.831 17.642 10.243 13.776 11.704 
6 21.671 23.022 27.795 23.473 22.686 
1 Coarse (temporary)   4 Coarse (control) 
2 Fine (temporary)   5 Fine (control) 
3 Driven (temporary)   6 Driven (control) 
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5.2 Side Shear Resistance Analysis 
A stress ratio of the side shear resistance between the temporary and control specimens 
was computed for each bed and control type to show the reduction in capacity in the temporary 
casings (Figures 5.3 to 5.5). The peak displacement was defined as the displacement at the point 
the shaft exhibited the highest pullout force. Table 5.3 shows the peak displacement and the 
associated stress ratio for the different casing types.  
There was a reduction in capacity in all casings types. For driven casings the capacity 
multiplier (stress ratio) ranged from 0.65 to 0.86 with an average 0.72, while the rotated casings 
capacity multiplier ranged from 0.56 to 0.95 with an average of 0.75. 
 
Table 5.3: Temporary casing stress ratio (capacity multiplier). 
Bed ID Casing Type 
Peak Displacement 
(in.) 
Ultimate 
Stress 
Ratio 
Minimum Residual 
Stress Ratio 
Bed 1 
Driven Casing 0.20 0.67 0.49 
Fine-Tooth Casing 0.30 0.69 0.54 
Bed 2 
Driven Casing 0.20 0.65 0.55 
Coarse-Tooth Casing 0.27 0.56 0.53 
Bed 3 Driven Casing 0.30 0.70 0.59 
Bed 4 
Driven Casing 0.47 0.69 0.66 
Fine-Tooth Casing 0.60 0.95 0.72 
Bed 5 
Driven Casing 0.40 0.75 0.64 
Coarse-Tooth Casing 0.20 0.75 0.61 
Bed 6 
Driven Casing 0.30 0.86 0.82 
Fine-Tooth Casing 0.37 0.81 0.37 
 
During construction of drilled shafts, there is concern with the installation of temporary 
casing into the underlying limestone. When the casing depth exceeds the design/anticipated depth, 
FDOT specifies that the rock socket be increased in length by ½ the extra penetration amount 
(FDOT 2014). Additionally, FDOT specifies that the rock socket design capacity be determined 
using the McVay method (Eqn. 5.1). Therefore, with the reduction currently at 0.5, and the 
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capacity multipliers for driven and rotatory casings at 0.72, 0.75, respectively, the present 
specification is safe and reasonable.  
𝐹𝐷𝑂𝑇 𝑆𝑖𝑑𝑒 𝑆ℎ𝑒𝑎𝑟 𝐷𝑒𝑠𝑖𝑔𝑛 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =  √𝑓′𝑡 √𝑓′𝑐  (Eqn.  5.1) 
 
 
Figure 5.3: Temporary/inspection stress ratio vs displacement for all driven casing specimens. 
 
 
Figure 5.4: Temporary/inspection stress ratio vs displacement for all fine-tooth casing 
specimens. 
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Figure 5.5: Temporary/inspection stress ratio vs displacement for all coarse-tooth casing 
specimens. 
 
Figures 5.6 through 5.9 show the side shear to UCS ratio for driven, rotated fine, rotated 
coarse-tooth casing and control specimens, respectively. For stronger UCS values (beds 1, 2, and 
3), the side shear ratio was much smaller than the weaker beds (3, 4 and 5). 
 
 
Figure 5.6: Side shear resistance / UCS vs displacement for driven temporary casing. 
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Figure 5.7: Side shear resistance / UCS vs displacement for fine-tooth temporary casing. 
 
 
Figure 5.8: Side shear resistance / UCS vs displacement for coarse-tooth temporary casing. 
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Figure 5.9: Side shear resistance / UCS vs displacement for inspection holes. 
 
Figure 5.10 shows the peak side shear resistance / UCS vs the UCS for all 29 specimens. 
The stronger the UCS of the bed, the more likely the rock sockets would not meet FDOT standards 
(FDOT, 2014). However, during construction, it is less likely for the temporary casing to 
inadvertently penetrate into the stronger, more competent material. The dashed red line (330 psi) 
is thought to represent a delineation between likely and unlikely to penetrate during driven casing 
installation per contractor discussions. This correlates to approximately 60 blow count rock. 
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Figure 5.10: Peak side shear resistance / UCS ratio vs UCS for all specimens. 
 
5.3 Conclusions and Limitations 
The study findings suggest that the presence of temporary casing does affect side shear 
capacity whereby a 28 or 25 percent side shear reduction was noted for driven casing and rotated 
casing installations, respectively. However, the present FDOT specification assumes a 50 percent 
reduction making that assumption conservative. Despite casting simulated limestones that 
represented a wide range of strength and porosities, the presented results were based on 1/10th scale 
shaft specimens cast in ideal conditions that may not precisely replicate the actual field 
environment. As such some care should be taken when extrapolating these findings beyond the 
scale of the study. 
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Appendix A: Simulated Limestone UCS Test Data 
 
 
Figure A.1: Stress vs strain for batch 1. 
 
 
Figure A.2: Stress vs age for batch 1. 
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Figure A.3: Stress vs strain for 1-3-1. 
 
 
Figure A.4: Stress vs strain for 1-3-2. 
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Figure A.5: Stress vs strain for 1-7-1. 
 
 
Figure A.6: Stress vs strain for 1-28-1. 
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Figure A.7: Stress vs strain for 1-28-2. 
 
 
Figure A.8: Stress vs strain for 1-28-3. 
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Figure A.9: Stress vs strain for batch 2. 
 
 
Figure A.10: Stress vs age for batch 2. 
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Figure A.11: Stress vs strain for 2-3-1. 
 
 
Figure A.12: Stress vs strain for 2-3-2. 
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Figure A.13: Stress vs strain for 2-3-3. 
 
 
Figure A.14: Stress vs strain for 2-7-3. 
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Figure A.15: Stress vs strain for batch 3. 
 
 
Figure A.16: Stress vs age for batch 3. 
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Figure A.17: Stress vs strain for 3-3-1. 
 
 
Figure A.18: Stress vs strain for 3-3-2. 
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Figure A.19: Stress vs strain for 3-3-3. 
 
 
Figure A.20: Stress vs strain for 3-7-1. 
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Figure A.21: Stress vs strain for 3-7-2. 
 
 
Figure A.22: Stress vs strain for 3-7-3. 
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Figure A.23: Stress vs strain for 3-14-1. 
 
 
Figure A.24: Stress vs strain for 3-14-2. 
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Figure A.25: Stress vs strain for 3-14-3. 
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Figure A.26: Stress vs strain for batch 4. 
 
 
Figure A.27: Stress vs age for batch 4. 
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Figure A.28: Stress vs strain for 4-3-1. 
 
 
Figure A.29: Stress vs strain for 4-3-2. 
0
10
20
30
40
50
60
0 0.005 0.01 0.015 0.02 0.025
S
tr
es
s 
(p
si
)
Strain (in/in)
0
10
20
30
40
50
60
70
80
0 0.005 0.01 0.015 0.02 0.025
S
tr
es
s 
(p
si
)
Strain (in/in)
102 
 
 
Figure A.30: Stress vs strain for 4-3-3. 
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Figure A.31: Stress vs strain for batch 5. 
 
 
Figure A.32: Stress vs age for batch 5. 
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Figure A.33: Stress vs strain for 5-3-1. 
 
 
Figure A.34: Stress vs strain for 5-3-2. 
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Figure A.35: Stress vs strain for 5-3-3. 
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Figure A.36: Stress vs strain for batch 6. 
 
 
Figure A.37: Stress vs age for batch 6. 
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Figure A.38: Stress vs strain for 6-3-1. 
 
 
Figure A.39: Stress vs strain for 6-3-2. 
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Figure A.40: Stress vs strain for 6-3-3. 
 
 
Figure A.41: Stress vs strain for 6-7-1. 
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Figure A.42: Stress vs strain for 6-7-2. 
 
 
Figure A.43: Stress vs strain for 6-7-3. 
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Figure A.44: Stress vs strain for 6-14-1. 
 
 
Figure A.45: Stress vs strain for 6-14-2. 
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Figure A.46: Stress vs strain for 6-14-3. 
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Figure A.47: Stress vs strain for batch 7. 
 
 
Figure A.48: Stress vs age for batch 7. 
0
10
20
30
40
50
60
70
0 0.01 0.02 0.03 0.04 0.05 0.06
S
tr
es
s 
(p
si
)
Strain (in/in)
7-3-1
7-3-2
7-3-3
7-7-1
7-7-2
7-7-3
7-14-2
7-14-3
0
10
20
30
40
50
60
70
0 5 10 15 20 25
S
tr
es
s 
(p
si
)
Age (days)
7-3-1
7-3-2
7-3-3
7-7-1
7-7-2
7-7-3
7-14-2
7-14-3
113 
 
 
Figure A.49: Stress vs strain for 7-3-1. 
 
 
Figure A.50: Stress vs strain for 7-3-2. 
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Figure A.51: Stress vs strain for 7-3-3. 
 
 
Figure A.52: Stress vs strain for 7-7-1. 
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Figure A.53: Stress vs strain for 7-7-2. 
 
 
Figure A.54: Stress vs strain for 7-7-3. 
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Figure A.55: Stress vs strain for 7-14-2. 
 
 
Figure A.56: Stress vs strain for 7-14-3. 
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Figure A.57: Stress vs strain for batch 8. 
 
 
Figure A.58: Stress vs age for batch 8. 
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Figure A.59: Stress vs strain for 8-3-1. 
 
 
Figure A.60: Stress vs strain for 8-3-2. 
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Figure A.61: Stress vs strain for 8-3-3. 
 
 
Figure A.62: Stress vs strain for 8-14-2. 
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Figure A.63: Stress vs strain for 8-14-3. 
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Figure A.64: Stress vs strain for batch 11. 
 
 
Figure A.65: Stress vs age for batch 11. 
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Figure A.66: Stress vs strain for 11-3-1. 
 
 
Figure A.67: Stress vs strain for 11-3-2. 
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Figure A.68: Stress vs strain for 11-3-3. 
 
 
Figure A.69: Stress vs strain for 11-7-1. 
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Figure A.70: Stress vs strain for 11-7-2. 
 
 
Figure A.71: Stress vs strain for 11-7-3. 
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Figure A.72: Stress vs strain for batch 12. 
 
 
Figure A.73: Stress vs age for batch 12. 
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Figure A.74: Stress vs strain for 12-3-1. 
 
 
Figure A.75: Stress vs strain for 12-3-2. 
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Figure A.76: Stress vs strain for 12-3-3. 
 
 
Figure A.77: Stress vs strain for 12-5-1. 
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Figure A.78: Stress vs strain for 12-5-2. 
 
 
Figure A.79: Stress vs strain for 12-5-3. 
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Figure A.80: Stress vs strain for 12-7-1. 
 
 
Figure A.81: Stress vs strain for 12-7-2. 
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Figure A.82: Stress vs strain for 12-7-3. 
 
 
Figure A.83: Stress vs strain for 12-14-1. 
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Figure A.84: Stress vs strain for 12-14-2. 
 
 
Figure A.85: Stress vs strain for 12-14-3. 
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Figure A.86: Stress vs strain for 12-28-1. 
 
 
Figure A.87: Stress vs strain for 12-28-2. 
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Figure A.88: Stress vs strain for 12-28-3. 
  
0
20
40
60
80
100
120
0 0.005 0.01 0.015 0.02
S
tr
es
s 
(p
si
)
Strain (in/in)
134 
 
 
Figure A.89: Stress vs strain for batch 13. 
 
 
Figure A.90: Stress vs age for batch 13. 
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Figure A.91: Stress vs strain for 13-3-1. 
 
 
Figure A.92: Stress vs strain for 13-3-2. 
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Figure A.93: Stress vs strain for 13-3-3. 
 
 
Figure A.94: Stress vs strain for 13-5-1. 
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Figure A.95: Stress vs strain for 13-5-2. 
 
 
Figure A.96: Stress vs strain for 13-5-3. 
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Figure A.97: Stress vs strain for 13-7-1. 
 
 
Figure A.98: Stress vs strain for 13-7-2. 
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Figure A.99: Stress vs strain for 13-7-3. 
 
 
Figure A.100: Stress vs strain for 13-14-1. 
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Figure A.101: Stress vs strain for 13-14-2. 
 
 
Figure A.102: Stress vs strain for 13-14-3. 
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Figure A.103: Stress vs strain for 13-28-1. 
 
 
Figure A.104: Stress vs strain for 13-28-2. 
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Figure A.105: Stress vs strain for 13-28-3. 
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Figure A.106: Stress vs strain for batch 14. 
 
 
Figure A.107: Stress vs age for batch 14. 
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Figure A.108: Stress vs strain for 14-3-1. 
 
 
Figure A.109: Stress vs strain for 14-3-2. 
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Figure A.110: Stress vs strain for 14-3-3. 
 
 
Figure A.111: Stress vs strain for 14-7-1. 
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Figure A.112: Stress vs strain for 14-7-2. 
 
 
Figure A.113: Stress vs strain for 14-14-1. 
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Figure A.114: Stress vs strain for 14-28-1. 
 
 
Figure A.115: Stress vs strain for 14-28-2. 
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Figure A.116: Stress vs strain for 14-28-3. 
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Figure A.117: Stress vs strain for batch 15. 
 
 
Figure A.118: Stress vs age for batch 15. 
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Figure A.119: Stress vs strain for 15-3-1. 
 
 
Figure A.120: Stress vs strain for 15-3-2. 
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Figure A.121: Stress vs strain for 15-3-3. 
 
 
Figure A.122: Stress vs strain for 15-7-1. 
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Figure A.123: Stress vs strain for 15-7-2. 
 
 
Figure A.124: Stress vs strain for 15-7-3. 
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Figure A.125: Stress vs strain for 15-14-1. 
 
 
Figure A.126: Stress vs strain for 15-14-2. 
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Figure A.127: Stress vs strain for 15-14-3. 
 
 
Figure A.128: Stress vs strain for 15-28-1. 
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Figure A.129: Stress vs strain for 15-28-2. 
 
 
Figure A.130: Stress vs strain for 15-28-3. 
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Figure A.131: Stress vs strain for batch 16. 
 
 
Figure A.132: Stress vs strain for batch 17. 
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Figure A.133: Stress vs strain for batch 18. 
 
 
Figure A.134: Stress vs strain for batch 19. 
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Figure A.135: Stress vs strain for batch 20. 
 
 
Figure A.136: Stress vs strain for batch 21. 
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Figure A.137: Stress vs strain for batch 23. 
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Figure A.138: Stress vs strain for batch 24. 
 
 
Figure A.139: Stress vs age for batch 24. 
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Figure A.140: Stress vs strain for 24-3-1. 
 
 
Figure A.141: Stress vs strain for 24-3-2. 
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Figure A.142: Stress vs strain for 24-3-3. 
 
 
Figure A.143: Stress vs strain for 24-7-1. 
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Figure A.144: Stress vs strain for 24-7-3. 
 
 
Figure A.145: Stress vs strain for 24-14-1. 
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Figure A.146: Stress vs strain for 24-14-2. 
 
 
Figure A.147: Stress vs strain for 24-14-3. 
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Figure A.148: Stress vs strain for batch 25. 
 
 
Figure A.149: Stress vs age for batch 25. 
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Figure A.150: Stress vs strain for 25-3-1. 
 
 
Figure A.151: Stress vs strain for 25-3-2. 
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Figure A.152: Stress vs strain for 25-3-3. 
 
 
Figure A.153: Stress vs strain for 25-7-1. 
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Figure A.154: Stress vs strain for 25-7-2. 
 
 
Figure A.155: Stress vs strain for 25-7-3. 
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Figure A.156: Stress vs strain for 25-14-1. 
 
 
Figure A.157: Stress vs strain for 25-14-2. 
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Figure A.158: Stress vs strain for 25-14-3. 
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Figure A.159: Stress vs strain for batch 26. 
 
 
Figure A.160: Stress vs age for batch 26. 
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Figure A.161: Stress vs strain for 26-3-1. 
 
 
Figure A.162: Stress vs strain for 26-3-2. 
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Figure A.163: Stress vs strain for 26-3-3. 
 
 
Figure A.164: Stress vs strain for 26-7-1. 
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Figure A.165: Stress vs strain for 26-7-2. 
 
 
Figure A.166: Stress vs strain for 26-7-3. 
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Figure A.167: Stress vs strain for 26-14-1. 
 
 
Figure A.168: Stress vs strain for 26-14-3. 
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Figure A.169: Stress vs strain for batch 27. 
 
 
Figure A.170: Stress vs age for batch 27. 
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Figure A.171: Stress vs strain for 27-3-1. 
 
 
Figure A.172: Stress vs strain for 27-3-2. 
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Figure A.173: Stress vs strain for 27-3-3. 
 
 
Figure A.174: Stress vs strain for 27-7-1. 
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Figure A.175: Stress vs strain for 27-7-2. 
 
 
Figure A.176: Stress vs strain for 27-7-3. 
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Figure A.177: Stress vs strain for 27-14-1. 
 
 
Figure A.178: Stress vs strain for 27-14-2. 
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Figure A.179: Stress vs strain for 27-14-3. 
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Figure A.180: Stress vs strain for batch 28. 
 
 
Figure A.181: Stress vs age for batch 28. 
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Figure A.182: Stress vs strain for 28-3-1. 
 
 
Figure A.183: Stress vs strain for 28-3-2. 
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Figure A.184: Stress vs strain for 28-3-3. 
 
 
Figure A.185: Stress vs strain for 28-7-1. 
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Figure A.186: Stress vs strain for 28-7-2. 
 
 
Figure A.187: Stress vs strain for 28-7-3. 
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Figure A.188: Stress vs strain for 28-14-1. 
 
 
Figure A.189: Stress vs strain for 28-14-2. 
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Figure A.190: Stress vs strain for 28-14-3. 
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Figure A.191: Stress vs strain for batch 29. 
 
 
Figure A.192: Stress vs age for batch 29. 
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Figure A.193: Stress vs strain for 29-3-1. 
 
 
Figure A.194: Stress vs strain for 29-3-2. 
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Figure A.195: Stress vs strain for 29-3-3. 
 
 
Figure A.196: Stress vs strain for 29-7-1. 
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Figure A.197: Stress vs strain for 29-7-2. 
 
 
Figure A.198: Stress vs strain for 29-7-3. 
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Figure A.199: Stress vs strain for 29-14-1. 
 
 
Figure A.200: Stress vs strain for 29-14-2. 
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Figure A.201: Stress vs strain for 29-14-3. 
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Appendix B: Pullout Results 
 
 
Figure B.1: Side shear stress vs displacement for bed 1. 
 
 
Figure B.2: Side shear stress vs displacement for driven casing in bed 1. 
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Figure B.3: Side shear stress vs displacement for temporary driven casing in bed 1. 
 
 
Figure B.4: Side shear stress vs displacement for inspection driven casing in bed 1. 
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Figure B.5: Side shear stress vs displacement for fine-tooth casing in bed 1. 
 
 
Figure B.6: Side shear stress vs displacement for temporary fine-tooth casing in bed 1. 
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Figure B.7: Side shear resistance for inspection fine-tooth casing in bed 1. 
 
 
Figure B.8: Side shear stress vs displacement for temporary coarse-tooth casing in bed 1. 
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Figure B.9: Load vs displacement for bed 1. 
 
 
Figure B.10: Load vs displacement for temporary driven casing in bed 1. 
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Figure B.11: Load vs displacement for inspection driven casing in bed 1. 
 
 
Figure B.12: Load vs displacement for temporary fine-tooth casing in bed 1. 
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Figure B.13: Load vs displacement for inspection fine-tooth casing in bed 1. 
 
 
Figure B.14: Load vs displacement for temporary coarse-tooth casing in bed 1. 
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Figure B.15: Normalized stress vs displacement for bed 1. 
 
 
Figure B.16: Normalized stress vs displacement for temporary driven casing in bed 1. 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0 0.5 1 1.5
S
id
e 
S
h
ea
r 
/ 
U
C
S
 (
d
im
.)
Displacement (in)
Driven Temp
Driven Inspect
Fine-Tooth Temp
Fine-Tooth Inspect
Coarse-Tooth Temp
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
S
id
e 
S
h
ea
r 
/ 
U
S
C
 (
d
im
.)
Displacement (in)
202 
 
 
Figure B.17: Normalized stress vs displacement for inspection driven casing in bed 1. 
 
 
Figure B.18: Normalized stress vs displacement for temporary fine-tooth casing in bed 1. 
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Figure B.19: Normalized stress vs displacement for inspection fine-tooth casing in bed 1. 
 
 
Figure B.20: Normalized stress vs displacement for temporary coarse-tooth casing in bed 1. 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0 0.2 0.4 0.6 0.8 1 1.2
S
id
e 
S
h
ea
r 
/ 
U
S
C
 (
d
im
.)
Displacement (in)
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0 0.2 0.4 0.6 0.8 1 1.2
S
id
e 
S
h
ea
r 
/ 
U
S
C
 (
d
im
.)
Displacement (in)
204 
 
 
Figure B.21: Temporary/inspection stress ratio vs displacement for driven casing in bed 1. 
 
 
Figure B.22: Temporary/inspection stress ratio vs displacement for fine-tooth casings in bed 1. 
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Figure B.23: Side shear stress vs displacement for bed 2. 
 
 
Figure B.24: Side shear stress vs displacement for driven casing in bed 2. 
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Figure B.25: Side shear stress vs displacement for temporary driven casing in bed 2. 
 
 
Figure B.26: Side shear stress vs displacement for inspection driven casing in bed 2. 
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Figure B.27: Side shear stress vs displacement for temporary fine-tooth casing in bed 2. 
 
 
Figure B.28: Side shear stress vs displacement for coarse-tooth casing in bed 2. 
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Figure B.29: Side shear stress vs displacement for temporary coarse-tooth casing in bed 2. 
 
 
Figure B.30: Side shear stress vs displacement for inspection coarse-tooth casing in bed 2. 
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Figure B.31: Load vs displacement for bed 2. 
 
 
Figure B.32: Load vs displacement for temporary driven casing in bed 2. 
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Figure B.33: Load vs displacement for inspection driven casing in bed 2. 
 
 
Figure B.34: Load vs displacement for temporary fine-tooth casing in bed 2. 
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Figure B.35: Load vs displacement for temporary coarse-tooth casing in bed 2. 
 
 
Figure B.36: Load vs displacement for inspection coarse-tooth casing in bed 2. 
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Figure B.37: Normalized stress vs displacement for bed 2. 
 
 
Figure B.38: Normalized stress vs displacement for temporary driven casing in bed 2. 
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Figure B.39: Normalized stress vs displacement for inspection driven casing in bed 2. 
 
 
Figure B.40: Normalized stress vs displacement for temporary fine-tooth casing in bed 2. 
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Figure B.41: Normalized stress vs displacement for temporary coarse-tooth casing in bed 2. 
 
 
Figure B.42: Normalized stress vs displacement for inspection coarse-tooth casing in bed 2. 
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Figure B.43: Temporary/inspection stress ratio vs displacement for driven casing in bed 2. 
 
 
Figure B.44: Temporary/inspection stress ratio vs displacement for coarse-tooth casing in bed 2. 
0 1 2 3 4 5 6 7
0
0.2
0.4
0.6
0.8
1
1.2
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Disp / Ult Disp (dim.)
T
em
p
 /
 I
n
sp
ec
ti
o
n
 S
tr
es
s 
R
a
ti
o
 (
d
im
.)
Displacement (in)
0 1 2 3 4
0
0.2
0.4
0.6
0.8
1
1.2
0 0.2 0.4 0.6 0.8 1 1.2
Disp / Ult Disp (dim.)
T
em
p
 /
 I
n
sp
ec
ti
o
n
 S
tr
es
s 
R
a
ti
o
 (
d
im
.)
Displacement (in)
216 
 
 
Figure B.45: Side shear stress vs displacement for bed 3. 
 
 
Figure B.46: Side shear stress vs displacement for driven casing in bed 3. 
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Figure B.47: Side shear stress vs displacement for temporary driven casing in bed 3. 
 
 
Figure B.48: Side shear stress vs displacement for inspection driven casing in bed 3. 
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Figure B.49: Side shear stress vs displacement for temporary fine-tooth casing in bed 3. 
 
 
Figure B.50: Side shear stress vs displacement for temporary coarse-tooth casing in bed 3. 
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Figure B.51: Load vs displacement for bed 3. 
 
 
Figure B.52: Load vs displacement for temporary driven casing in bed 3. 
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Figure B.53: Load vs displacement for inspection driven casing in bed 3. 
 
 
Figure B.54: Load vs displacement for temporary fine-tooth casing in bed 3. 
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Figure B.55: Load vs displacement for temporary coarse-tooth casing in bed 3. 
 
 
Figure B.56: Normalized stress vs displacement for bed 3. 
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Figure B.57: Normalized stress vs displacement for temporary driven casing for bed 3. 
 
 
Figure B.58: Normalized stress vs displacement for inspection driven casing for bed 3. 
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Figure B.59: Normalized stress vs displacement for temporary fine-tooth casing in bed 3. 
 
 
Figure B.60: Normalized stress vs displacement for temporary coarse-tooth casing in bed 3. 
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Figure B.61: Temporary/inspection stress ratio vs displacement for driven casing in bed 3. 
 
 
  
0 0.5 1 1.5 2 2.5 3 3.5 4
0
0.2
0.4
0.6
0.8
1
1.2
0 0.2 0.4 0.6 0.8 1 1.2
Disp / Ult Disp (dim.)
T
em
p
 /
 I
n
sp
ec
ti
o
n
 S
tr
es
s 
R
a
ti
o
 (
d
im
.)
Displacement (in)
225 
 
 
Figure B.62: Side shear stress vs displacement for bed 4. 
 
 
Figure B.63: Side shear stress vs displacement for driven casing in bed 4. 
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Figure B.64: Side shear stress vs displacement for temporary driven casing in bed 4. 
 
 
Figure B.65: Side shear stress vs displacement for inspection driven casing in bed 4. 
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Figure B.66: Side shear stress vs displacement for fine-tooth casing in bed 4. 
 
 
Figure B.67: Side shear stress vs displacement for temporary fine-tooth casing in bed 4. 
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Figure B.68: Side shear stress vs displacement for inspection fine-tooth casing in bed 4. 
 
 
Figure B.69: Side shear stress vs displacement for temporary coarse-tooth casing in bed 4. 
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Figure B.70: Load vs displacement for bed 4. 
 
 
Figure B.71: Load vs displacement for temporary driven casing in bed 4. 
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Figure B.72: Load vs displacement for inspection driven casing in bed 4. 
 
 
Figure B.73: Load vs displacement for temporary fine-tooth casing in bed 4. 
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Figure B.74: Load vs displacement for inspection fine-tooth casing in bed 4. 
 
 
Figure B.75: Load vs displacement for temporary coarse-tooth casing in bed 4. 
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Figure B.76: Normalized stress vs displacement for bed 4. 
 
 
Figure B.77: Normalized stress vs displacement for temporary driven casing in bed 4. 
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Figure B.78: Normalized stress vs displacement for inspection driven casing in bed 4. 
 
 
Figure B.79: Normalized stress vs displacement for temporary fine-tooth casing in bed 4. 
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Figure B.80: Normalized stress vs displacement for inspection fine-tooth casing in bed 4. 
 
 
Figure B.81: Normalized stress vs displacement for temporary coarse-tooth casing in bed 4. 
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Figure B.82: Temporary/inspection stress ratio vs displacement for driven casing in bed 4. 
 
 
Figure B.83: Temporary/inspection stress ratio vs displacement for fine-tooth casing in bed 4. 
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Figure B.84: Side shear stress vs displacement for bed 5. 
 
 
Figure B.85: Side shear stress vs displacement for driven casing in bed 5. 
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Figure B.86: Side shear stress vs displacement for temporary driven casing in bed 5. 
 
 
Figure B.87: Side shear stress vs displacement for inspection driven casing in bed 5. 
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Figure B.88: Side shear stress vs displacement for temporary fine-tooth casing in bed 5. 
 
 
Figure B.89: Side shear stress vs displacement for coarse-tooth casing in bed 5. 
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Figure B.90: Side shear stress vs displacement for temporary coarse-tooth casing in bed 5. 
 
 
Figure B.91: Side shear stress vs displacement for inspection coarse-tooth casing in bed 5. 
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Figure B.92: Load vs displacement for bed 5. 
 
 
Figure B.93: Load vs displacement for temporary driven casing in bed 5. 
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Figure B.94: Load vs displacement for inspection driven casing in bed 5. 
 
 
Figure B.95: Load vs displacement for temporary fine-tooth casing in bed 5. 
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Figure B.96: Load vs displacement for temporary coarse-tooth casing in bed 5. 
 
 
Figure B.97: Load vs displacement for inspection coarse-tooth casing in bed 5. 
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Figure B.98: Normalized stress vs displacement for bed 5. 
 
 
Figure B.99: Normalized stress vs displacement for temporary driven casing in bed 5. 
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Figure B.100: Normalized stress vs displacement for inspection driven casing in bed 5. 
 
 
Figure B.101: Normalized stress vs displacement for temporary fine-tooth casing in bed 5. 
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Figure B.102: Normalized stress vs displacement for temporary coarse-tooth casing in bed 5. 
 
 
Figure B.103: Normalized stress vs displacement for inspection coarse-tooth casing in bed 5. 
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Figure B.104: Temporary/inspection stress ratio vs displacement for driven casing in bed 5. 
 
 
Figure B.105: Temporary/inspection stress ratio vs displacement for coarse-tooth casing in bed 5. 
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Figure B.106: Side shear stress vs displacement for bed 6. 
 
 
Figure B.107: Side shear stress vs displacement for driven casing in bed 6. 
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Figure B.108: Side shear stress vs displacement for temporary driven casing in bed 6. 
 
 
Figure B.109: Side shear stress vs displacement for inspection driven casing in bed 6. 
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Figure B.110: Side shear stress vs displacement for fine-tooth casing in bed 6. 
 
 
Figure B.111: Side shear stress vs displacement for temporary fine-tooth casing in bed 6. 
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Figure B.112: Side shear stress vs displacement for inspection fine-tooth casing in bed 6. 
 
 
Figure B.113: Side shear stress vs displacement for temporary coarse-tooth casing in bed 6. 
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Figure B.114: Load vs displacement for bed 6. 
 
 
Figure B.115: Load vs displacement for temporary driven casing in bed 6. 
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Figure B.116: Load vs displacement for inspection driven casing in bed 6. 
 
 
Figure B.117: Load vs displacement for temporary fine-tooth casing in bed 6. 
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Figure B.118: Load vs displacement for inspection fine-tooth casing in bed 6. 
 
 
Figure B.119: Load vs displacement for temporary coarse-tooth casing in bed 6. 
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Figure B.120: Normalized stress vs displacement for bed 6. 
 
 
Figure B.121: Normalized stress vs displacement for temporary driven casing in bed 6. 
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Figure B.122: Normalized stress vs displacement for inspection driven casing in bed 6. 
 
 
Figure B.123: Normalized stress vs displacement for temporary fine-tooth casing in bed 6. 
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Figure B.124: Normalized stress vs displacement for inspection fine-tooth casing in bed 6. 
 
 
Figure B.125: Normalized stress vs displacement for temporary coarse-tooth casing in bed 6. 
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Figure B.126: Temporary/inspection stress ratio vs displacement for driven casing in bed 6. 
 
 
Figure B.127: Temporary/inspection stress ratio vs displacement for fine-tooth casing in bed 6. 
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Appendix C: Material Properties for Beds 1-6 
 
 
Figure C.1: Stress vs strain for bed 1. 
 
 
Figure C.2: Stress vs age for bed 1. 
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Figure C.3: Stress vs strain for B1-7-1. 
 
 
Figure C.4: Stress vs strain for B1-14-1. 
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Figure C.5: Stress vs strain for B1-21-1. 
 
 
Figure C.6: Stress vs strain for B1-28-1. 
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Figure C.7: Stress vs strain for B1-35-1. 
 
 
Figure C.8: Stress vs strain for B1-Extraction-108-1. 
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Figure C.9: Stress vs strain for B1-Extraction-108-2. 
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Figure C.10: Stress vs strain for bed 2. 
 
 
Figure C.11: Stress vs age for bed 2. 
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Figure C.12: Stress vs strain for B2-7-1. 
 
 
Figure C.13: Stress vs strain for B2-7-2. 
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Figure C.14: Stress vs strain for B2-14-1. 
 
 
Figure C.15: Stress vs strain for B2-14-2. 
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Figure C.16: Stress vs strain for B2-28-1. 
 
 
Figure C.17: Stress vs strain for B2-28-2. 
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Figure C.18: Stress vs strain for B2-Extraction-77-1. 
 
 
Figure C.19: Stress vs strain for B2-Extraction-77-2. 
0
100
200
300
400
500
600
700
800
900
0 0.005 0.01 0.015 0.02 0.025 0.03
S
tr
es
s 
(p
si
)
Strain (in/in)
0
100
200
300
400
500
600
700
800
900
1000
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
S
tr
es
s 
(p
si
)
Strain (in/in)
268 
 
 
Figure C.20: Stress vs strain for bed 3. 
 
 
Figure C.21: Stress vs age for bed 3. 
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Figure C.22: Stress vs strain for B3-7-1. 
 
 
Figure C.23: Stress vs strain for B3-7-2. 
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Figure C.24: Stress vs strain for B3-14-1. 
 
 
Figure C.25: Stress vs strain for B3-14-2. 
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Figure C.26: Stress vs strain for B3-Extraction-44-1. 
 
 
Figure C.27: Stress vs strain for B3-Extraction-44-2. 
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Figure C.28: Stress vs strain for bed 4. 
 
 
Figure C.29: Stress vs age for bed 4. 
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Figure C.30: Stress vs strain for B4-10-1. 
 
 
Figure C.31: Stress vs strain for B4-10-2. 
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Figure C.32: Stress vs strain for B4-14-1. 
 
 
Figure C.33: Stress vs strain for B4-14-2. 
0
10
20
30
40
50
60
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
S
tr
es
s 
(p
si
)
Strain (in/in)
0
10
20
30
40
50
60
70
0 0.02 0.04 0.06 0.08 0.1
S
tr
es
s 
(p
si
)
Strain (in/in)
275 
 
 
Figure C.34: Stress vs strain for B4-Extraction-28-1. 
 
 
Figure C.35: Stress vs strain for B4-Extraction-28-2. 
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Figure C.36: Stress vs strain for bed 5. 
 
 
Figure C.37: Stress vs age for bed 5. 
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Figure C.38: Stress vs strain for B5-7-1. 
 
 
Figure C.39: Stress vs strain for B5-7-2. 
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Figure C.40: Stress vs strain for B5-14-1. 
 
 
Figure C.41: Stress vs strain for B5-14-2. 
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Figure C.42: Stress vs strain for B5-Extraction-28-1. 
 
 
Figure C.43: Stress vs strain for B5-Extraction-28-2. 
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Figure C.44: Stress vs strain for bed 6. 
 
 
Figure C.45: Stress vs age for bed 6. 
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Figure C.46: Stress vs strain for B6-7-1. 
 
 
Figure C.47: Stress vs strain for B6-7-2. 
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Figure C.48: Stress vs strain for B6-14-1. 
 
 
Figure C.49: Stress vs strain for B6-14-2. 
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Figure C.50: Stress vs strain for B6-Extraction-28-1. 
 
 
Figure C.51: Stress vs strain for B6-Extraction-28-2. 
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Figure C.52: Stress vs strain for B1-Core-2. 
 
 
Figure C.53: Stress vs strain for B2-Core-1. 
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Figure C.54: Stress vs strain for B2-Core-2. 
 
 
Figure C.55: Stress vs strain for B3-Core-1. 
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